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I. Overall objectives and results 
 

A. Project objectives:  

This project aims to combines state-of-the-art experimental and characterization techniques 

with atomistic simulations based on density functional theory (DFT) and molecular dynamics (MD) 

simulations. With an initial focus on long-lived I-129 and other radionuclides such as Cs, Sr in 

apatite structure, specific research objectives include the atomic scale understanding of: (1) 

incorporation behavior of the radionuclides and their effects on the crystal chemistry and phase 

stability; (2) stability and microstructure evolution of designed waste forms under coupled 

temperature and radiation environments; (3) incorporation and migration energetics of 

radionuclides and release behaviors as probed by DFT and molecular dynamics (MD) simulations; 

and (4) chemical durability as measured in dissolution experiments for long term performance 

evaluation and model validation. 

 

B. Project results:  

Apatite waste forms to incorporated iodine have been developed, and their properties were 

characterized and their performance and structural stability under radiation and durability in 

solution were evaluated. A new solid state approach using high energy ball milling and SPS was 

developed at room temperature for synthesizing iodine-load lead-vanadate apatites with 

stoichiometric iodine incorporation, and without the loss of volatile iodine, leading to a dense 

ceramic iodine waste form with high thermal stability. A new theoretical method was developed 

to predict unknown apatite compositions and understand known apatites using a crystal 

chemistry approach and Artificial Neural Network simulation, leading to a number of new 

apatite possible apatites that incorporate iodine. Chemical durability test at high temperature 

based on accelerated leaching protocols was performed over an extended time, and the results 

suggest iodine-lead-vanadium apatite is durable with a long term leaching rate of below ~2 

mg/m/d at 90°C. Iodine release is incongruent and controlled by both a diffusive in the channel 

of the crystal structure and constant dissolution of crystal. A new approach of synthesizing 

graphene-based iodoapatite nanocomposites and a new absorbent material for iodine have been 

developed. The results provide a scientific basis for apatite waste forms and long term 

performance for nuclear fuel cycle program.  

II. Efforts performed and the accomplishments achieved 

 

A. Efforts performed on objectives (1) and (2) (lead by Rensselaer Polytechnic Institute) 

At Rensselaer Polytechnic Institute, the research team led by Prof. Jie Lian (two postdocs and 

two Ph.D. students) are mainly focus on the development of advanced waste forms based apatite 

structures that can incorporate iodine, and properties characterization and performance evaluation. 

A new solid state approach was developed at room temperature for synthesizing iodine-load lead-

vanadate apatites, and dense apatite pellets were consolidated by a low temperature spark plasma 

plasma process without the loss of volatile iodine. Temperature effects on densification and grain 

coarsening of the SPS densified iodoapatite pellets, and microstructure evolution during sintering 
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were studies. The mechanical properties and structural integrity of the SPS densified iodoapatite 

at low temperatures were also characterized. We also explore the possibility of synthesizing 

graphene-based iodoapatite nanocomposites in order to improve the thermal-mechanical 

properties. Radiation performance of the designed iodine loaded apatite was also tested by ion 

beam irradiation. A new absorbent material was also developed at Rensselaer Polytechnic Institute 

based on high surface area graphene and graphene-based aerogel which show excellent iodine 

absorption and kinetics.  

 

Major accomplishments achieved: 

� Lead phosphate-vanadate fluoroapatites with different P/V ratios were synthesized, and a 

complete solid solution of phosphate-vanadate can be obtained from the pure end vanadate to 

the pure end phosphate members.  

� We performed ion beam irradiation using 1 MeV Kr2+ on the series of vanadate-phosphate 

fluorapatite with the goal in understanding the effects of V/P ratio on the damage production 

and defect annealing processes. Materials with the lower V/P ratio display enhanced stability 

against intense radiation.  

� A novel approach in synthesizing I-incorporated apatite was developed by high energy ball 

milling, in which a pure apatite phase was obtained with the loading of Iodine up to 9 wt%, 

close to the maximum waste loading defined by the apatite structure. The successful 

development of this new approach opens up the opportunity for synthesizing a wide range of 

different I-bearing apatite compositions as stable waste forms for immobilizing long-lived I-

129.  

� Systematic materials characterizations establish the correlation among morphological and 

microstructural evolution, microchemical composition variation and materials processing 

conditions. Specifically, highly crystalline and single phase I-apatite can be achieved by high 

energy ball milling and thermal annealing above a recrystallization temperature. The grain size, 

structure and phase composition can be controlled upon the interplay of milling time, annealing 

temperature and duration.  

� Elevated temperature will result in I-loss and decomposition of I-apatite, leading to the 

formation of secondary phase, presenting a major challenge in developing advanced waste 

forms for confining highly volatile elements such as I-129. Conventional sintering approaches 

will inevitably result in I-loss, and novel rapid densification methods are needed in order to 

develop highly dense and stable apatite for I-incorporation. The potential of spark plasma 

sintering will be explored in the near future to demonstrate the feasibility in densifying 

materials and meanwhile mitigating I-volatilization.  

� Optimized SPS processes and low temperature synthesis of fully dense iodine apatite without 

phase decomposition and iodine loss, and the correlation between sintering conditions and 

properties of sintered apatite ceramic including microstructure, grain size and density was 

established. 

� The low temperature SPS process (400 ℃ for 5mins under pressure of 60 MPa) was developed, 

allowing consolidation of iodine apatite below phase decomposition temperature, and fully 

dense apatite pellets consisting of nano-scale grain in nano-ceramics were obtained as 

confirmed by SEM images.  
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� The consolidation of dense iodoapatite pellets above 95% theoretical density can be achieved 

by spark plasma sintering at temperature as low as 350 oC for 20 mins, and microstructure 

analysis indicates a nanocrystalline ceramic with the grain average size less than 100 nm. Grain 

coarsening and growth dominates the sintered microstructure at higher temperature and longer 

duration.  

� The effects of various sintering temperature (350 ℃, 400 ℃, 500 ℃, and 700 ℃) and durations 

(0 ~20 mins) on the microstructure, density, fracture morphology and mechanical properties 

including Young’s modulus and hardness were investigated. Due to dense and nano-sized grain 

structure, the dense nanoceramic display a significantly improved fracture toughness of pellet 

1.302 MPa m0.5, as compared with bulk pellets with coarsened structure.  

� Greatly enhanced thermal stability and mechanical properties of the SPS-densified pellets at 

low temperature was observed, and the irradiation behavior of the pellet sample sintered was 

evaluated by intense low energy ion bombardments. Results show SPS-sintered pellets can 

have significantly enhanced radiation tolerance of the iodine apatite against displacive 

radiation induced amorphization, owing to the improved crystallity as a result of the highly 

efficient sintering process. 

� Graphene powder and graphene-aerogels show excellent absorption capability and fast kinetics 

for capturing and sequestering radioactive iodine, and can be used as effective absorbent for 

off-gas process.  

� Graphene-based apatite composites have been synthesized by spark plasma sintering in order 

to further enhance thermal-mechanical properties. 

� Further concepts of encapsulation of the iodine apatites or iodine-loaded graphene powders 

embedded into the hydroxyapatite as a core-shell structure were explored in order to enhance 

the corrosion resistance and chemical durability.  

� Radiation damage of the nano-sized iodapatites synthesized by SPS with different 

microstructure and grain size was conducted by ion beam irradiation using IVEM-tandem 

facility at Argonne National Laboratory. 

 

B. Efforts on objectives (3) and (4) (lead by Louisiana State University)  

At Louisiana State University, the research team led by Prof. Wang has two postdocs and one 

graduate student worked during the project period. They mainly focus on the incorporation of 

radionuclides into apatite structure, using theoretical approaches -- objective (2) and chemical 

durability as measured in dissolution experiments, using accelerated leaching tests protocols -- 

objective (4). Theoretically, Artificial Neuron Network simulations were used to understand the 

crystal chemistry of apatite chemical compositions and the approach was used this technique for 

iodine-apatite. A number of unknown iodine-apatite compositions were predicted. Using DFT 

calculations, thermodynamic properties of a number of apatite compositions (known and unknown 

compositions) were performed. We also focused on the mechanical properties and structure 

properties of apatites. Both of the efforts were used to facilitate the interatomic potential 

parameterization of the apatites. The durability test of Pb5(VO4)3I apatite was based on the 

procedure described in the Standard Test Method for Accelerated Leach Test (ALT), ASTM C-

1308. With over a hundred of composition analysis from the leached samples, and microscopic 

and spectroscopic analyses, the results show that both time-dependent diffusion of iodine and 
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constant dissolution of apatite control the leaching of iodine from the waste form. In short term, 

iodine release is controlled by diffusion from the structural channels, dissolution in long term, 

which becomes constant at given conditions – temperature, pH, and solution concentrations. Lead 

and vanadium releases are controlled by constant dissolution and are congruent. 

 

Major accomplishments achieved: 

� A new theoretical method was developed to predict unknown apatite chemical compositions, 

and understand known ones, based on Artificial Neuron Network simulation.  This crystal 

chemistry approach combined the numerical simulation allowed us to predict unit cell 

parameters, channel size of the crystal structure, and other structural details of any possible 

chemical compositions with the apatite structure.  

� The method was applied to Pb5(VO4)3I, the results show that the simulation correctly predicted 

the unit cell length and channel size of the structure, indicating the iodide ion fits in the 

structural channel, consistent with x-ray diffraction result. 

�  For  unknown apatite composition with a formula - A5(XO4)3Z, we considered any possible 

elements in A and X site from periodic table and with Z site occupied by iodine for possible 

iodine-apatite composition. Using the Artificial Neuron Network method,  our simulations 

suggest that combinations of A site cations of Ag+, K+, Sr2+, Pb2+, Ba2+, and Cs+, and X site 

cations, mostly formed tetrahedron, of Mn5+, As5+, Cr5+, V5+, Mo5+, Si4+, Ge4+, and Re7+ are 

possible apatite compositions that are able to incorporate iodide. The charge balance of 

different apatite compositions can be achieved by multiple substitutions at a single site or 

coupled substitutions at both A and X sites. 

� DFT using program CRYSTAL09. Electron charge calculation of Pb5(VO4)3I) apatite shows 

that main ionic nature of the bonding between iodide and coordinating Pb. The calculated 

vibrational frequencies compare well with experimental observation, suggesting the 

computational methods is suitable for free energy calculations.  

� Two reaction procedures were considered for calculations of the thermodynamic of apatite 

formation. The results show that formation of Pb5(VO4)3I) apatite from oxides is more 

favorable as temperature increase, but less favorable from vanadate. Using the methodology 

that is tested for Pb5(VO4)3I apatite, we have calculated thermodynamic properties of other 

known and unknown apatites with various chemical compositions, including Pb-As-I and other 

apatites. 

� Crystal structure and mechanical properties including bulk modulus and elastic constants of 

Ca5(VO4)3F, Ca5(VO4)3I, Pb5(VO4)3I are calculated. The results were used to fit the 

interactomic interaction potentials for large scale molecular dynamics simulations at our 

collaborating institution - University of Michigan.  

� Apatite structure show significant flexibility and resilience to the structure and chemical 

changes induced by Beta decay from fission products such as radioactive Sr, Cs, and I, by DFT 

based theoretical calculations.  

�  The electron(s) generated by β-decay of radioactive fission products, Cs+ → Ba2+, Sr2+→ Y3+ 

→ Zr4+, and I- → Xe → vacancy can be balanced by the Fe3+→ Fe2+ reduction process. Fe3+ 

can be a qualified charge balancer in the typical apatite. 
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� The studies indicate Ca10(PO4)6F2 with Cs+ and Fe3+ coupled substitution could be a promising 

waste-form for Cs+ → Ba2+ transmutation; Ca4Y6(SiO4)6F2 with Sr2+ and Fe3+ substitution may 

involve a  structural unstable in the Y3+→Zr4+ process due to the change of the coordination 

number  for Zr4+ to oxygen ligands; and a structural distortion may be expected for I- decay in 

AgFePb8(VO4)6I2 due to the alteration of the tetrahedral (VO4)
3-. 

� Durability of Pb5(VO4)3I apatite, a dense ceramic form, sintered using SPS method and 

provided by our collaborator at  Rensselaer Polytechnic Institute, was tested based on the 

procedure described in the Standard Test Method for Accelerated Leach Test (ALT), ASTM C-

1308. The normalized release rate of iodine is below ~2 mg/m2/d at the conditions of 90°C in 

DI water, sample surface/leachant volume ratio of 1.0 m-1, and one day exchange interval.  

� A normalization procedure was developed to account the leaching tests at different test 

parameters: surface/volume ratio, leachant change interval, and time history of leaching 

experiment. By applied this procedure, all the test at different test parameters can be compared 

and modeled as a function of leaching time, leading to a greater understanding of leaching 

kinetics. 

� The short term iodine release is controlled by diffusion of iodine from structural channel, and 

long term lease is controlled by constant dissolution, based on the results on modeling of 

normalized iodine release rate as a function of time.  

� The molar ratios of dissolved species reveal that V and Pb are dissolved in congruent, 

controlled by constant dissolution at a given condition. But iodine is released incongruently, 

and is a function of time, which is independent on the number of batch experiments and 

whether the surface is polished between the experiments. 

� The durability tests also show the leaching of the apatite is affected by the chemistry of its 

constitute elements, Pb, and V. At high pH (e.g., 9), the dissolution is very low, below the 

detecting limit of the ICP-MS spectrometer, and there might be some Pb(OH)2 precipitation. 

At low pH, i.e., 6, the dissolution is ~ two orders of magnitudes higher than with DI water at 

90°C.  At lower pH, i.e., 4, a new phase is precipitated at the sample surface, and identified as 

chervetite – Pb2V2O7, based on SEM and Raman spectroscopic results.  

� Activation energy of iodine release is estimated to be ~21±1,6 kJ/mol, based temperature 

dependent leaching tests and Arrhenius plot. 

� Long term durability can be well resented using analytical equation of R��� = �� ∙ 
��∙� ∙

���(−
��

��
), which is parameterized with the experimental datasets on tests of surface/volume 

ratio, exchange interval, temperature, pH, and time history. 

 

C. Efforts on objectives (3) (lead by University of Michigan) 

 

At Pacific Northwest National Laboratory (PNNL), the research team led by Dr. Fei Gao (a 

high school student and a visiting scholar) mainly focused on developing next generation 

interatomic potentials for apatites (that is based on the data from FT calculations). These potentials 

are used in the atomistic simulations that provide a theoretical basis for the design and optimization 
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of apatite ceramics with a desired physical and chemical durability and appropriate waste loading 

capability. Large-scale molecular dynamics method has been used to simulate diffusion properties, 

phase stability, radiation effects from alpha-decay damage of the incorporated radionuclides and 

fission track formation. Effects on the local bonding environment of iodine at surface, interface, 

and grain boundaries of the apatites are investigated, as segregation of the impurities at such places 

can be common. We model radiation damage and defect accumulation due to alpha-decay of the 

incorporated radionuclides and fission track formation, as well as phase stability under irradiation, 

in apatites phase. At University of Michigan (UM), with graduate student,  the research has been 

focused on simulations of displacement cascades in Ca5(VO4)3F using LAMMPs code, and 

understanding defect production. Also, we have developed a new set of interatomic potentials for 

Pb5(VO4)3I apatite, and  determined threshold energies, defect generation and defect clustering in 

Pb5(VO4)3I apatite.  

Major accomplishments achieved: 

� Based on DFT calculations, new interatomic potentials for Ca5(VO4)3F and Pb5(VO4)3I have 

been developed using a genetic algorithm developed at PNNL. These potential are validated 

against DFT calculations and experimental data. Also, these potentials have been refined to 

avoid unrealistic attraction due to the dominance of the dispersion term that is encountered in 

radiation damage simulations. 

� These potentials are used to study the defect properties of Ca5(VO4)3I, including defect 

formation energies, migration energies and incorporation energies of iodine ion, as well as 

thermodynamic and mechanical properties of Ca5(VO4)3I.   

� A similar approach has been applied to study defect formation, defect migration, incorporation 

energies of iodine ion, and thermodynamic and mechanical properties of Pb5(VO4)3I.    

� The threshold energies, Ed, of different species along different crystalline directions in 

Ca5(VO4)3F and Pb5(VO4)3I are determined. The results indicate strong anisotropic along 

different directions for both cations and anions. However, the Ed values of cations are much 

larger than anions. 

� In addition, large scale MD simulations have been carried out to investigate displacement 

cascades in Ca5(VO4)3F and Pb5(VO4)3I using LAMMPs code, understanding defect 

production and defect clustering and evaluating microstructural evolution and studying phase 

stability under irradiation. The comparison between Ca5(VO4)3F and Pb5(VO4)3I provide 

significant insights into how the different compositions, with the same structures, affect defect 

generation and clustering.    

� A new method has been developed to identify defects and defect structures in Ca5(VO4)3F and 

Pb5(VO4)3I, which is based on the occupation of Voronoi polyhedra centered on lattice sites 

instead of simply counting the number of displaced atoms. This method can be applied to other 

apatites and ceramic waste forms.  

� We have initiated to simulate the fission track formation in Ca5(VO4)3F, understanding the 

track geometry, defect annealing and heat transformation, as well as the core structures of 

fission tracks, and wish that these studies will be continued.  
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The apatite-type structure of AI
4AII

6(BO4)6(OH, F, Cl)2 (AI, AII = Ca, Na, rare earths, fission product elements

such as I and Tc, and/or actinides; B = Si, P, V, or Cr) offers unique structural advantages as an advanced

nuclear waste form because a wide variety of actinides and fission products can be incorporated into the

structure through coupled cation and anion substitutions. However, apatite undergoes a radiation-

induced crystalline-to-amorphous transition, and previously, the effect of composition on the radiation-

induced transformation has not been well understood. In this study, we demonstrate that vanadate–

phosphate fluorapatite’s radiation tolerance can be controlled by varying the composition. Enhanced

radiation tolerance is achieved by replacing vanadium with phosphorus at the B-site or by replacing Pb

with Ca at the A-site. Correlations among chemical composition, radiation performance and electronic to

nuclear stopping power ratio were demonstrated and suggest that the ionization process resulting from

electronic energy loss may enhance annealing of defects upon radiation damage.

1. Introduction

The apatite-type structure of AI
4AII

6(BO4)6X2 (AI, AII = Ca, Na,
rare earths, fission products such as Tc and I, and/or actinides;
B = Si, P, V, or Cr; and X = OH, F, Cl, I or O) has a relatively
open structure with six equivalent BO4 tetrahedra corner-
connected to AO6 metaprism columns to form one-dimen-
sional tunnels as the frame. The two distinct cationic sites, AI

and AII, differ in their atomic-scale environments and local
symmetries, for each AI cation has nine O atoms as nearest
neighbors and each AII cation is surrounded by one anion and
six O atoms of three distinct types. The AII cations and anions
are located in the flexible tunnels. The apatite structure can be
changed by adjusting the chemical composition, particularly
the A-site cations and the B-site element. Trivalent cations (e.g.
lanthanides) at the A-sites can result in nonstoichiometric
composition and disordered anions in the channels at
interstitial sites, which may be responsible for the high ion
conductivity of apatite.1–3 Large atoms at the A-site or B-site
usually result in an expanded apatite unit cell, as apatites with
large atoms like Pb (A-site) and V (B-site) generally have large

unit cell parameters. Likewise, the replacement of smaller
atoms by larger atoms will lead to a larger apatite unit cell. In
phosphate–vanadate chlorapatites, A10(VxP12xO4)6Cl2, the unit
cell expansion caused by increasing V-content follows Vegard’s
Law with x , 0.5, but becomes quite erratic with x . 0.5;4

while in (PbxCa12x)10(VO4)6F2, upon the substitution of Pb for
Ca, the unit cell parameter a increases linearly and the
increase in c follows a binomial function.5

Besides potential applications in fast ion conductor,1–3

catalyst6 and luminescent materials,7,8 the uniquely flexible
and chemically durable structure of apatite offers great
advantages as an advanced waste form for the immobilization
of toxic heavy metals,9,10 actinides11 and anionic fission
products.12 For instance, the apatite channel cross-section
can be tuned through substitutions of A-site cations or BO4

tetrahedral groups to accommodate voluminous ions, such as
iodine-129, a typical fission product of uranium-235.12 The
radioactive decay of the incorporated radionuclides in nuclear
waste will generate displacive and ionizing irradiations, which
may cause damage to the host material and consequently
affect their long term durability. Radiation stability may be
associated with different energy loss mechanism,13,14 chemical
compositions,15 structural disorder16 and grain size.17–19 As a
result, the radiation effects in different apatite compositions
are of great interest, and efforts have been made to study the
radiation stability of apatite as a nuclear waste form,
specifically using natural apatite minerals and fluorapatite.
Generally, apatite-based ceramics anneal defects easily, such

aDepartment of Mechanical, Aerospace & Nuclear Engineering, Rensselaer

Polytechnic Institute, Troy, NY 12180, U.S.A. E-mail: lianj@rpi.edu;

Fax: +1 518-276-6025; Tel: +1 518-276-6081
bSchool of Materials Science and Engineering, Nanyang Technological University,

Singapore 639798
cDepartments of Earth & Environmental Sciences and Materials Science &

Engineering, University of Michigan, Ann Arbor, MI 48109-1005, U.S.A

RSC Advances

PAPER

15178 | RSC Adv., 2013, 3, 15178–15184 This journal is � The Royal Society of Chemistry 2013

Pu
bl

is
he

d 
on

 1
3 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ic
hi

ga
n 

L
ib

ra
ry

 o
n 

14
/0

8/
20

13
 1

6:
35

:3
5.

 

View Article Online
View Journal  | View Issue

http://dx.doi.org/10.1039/c3ra42246a
http://dx.doi.org/10.1039/c3ra42246a
http://dx.doi.org/10.1039/c3ra42246a
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA003035


that their radiation durability is not compromised even under
high radiation fluxes at low temperatures (y60 uC) during
storage or disposal for waste form applications.20–23 However,
it has been reported that synthetic apatites, e.g. fully
phosphate fluorapatite,24,25 mono-silicate fluorapatite,25,26

synthetic britholite14 and fully silicate apatite,27,28 can be
amorphized by intense ion irradiations, and (Pb5Ca5)(VO4)6F2

apatite may transform to CaVO3 perovskite by high flux 200
keV electron beams.29

One approach to improving a material’s radiation stability
is to control the composition, as this affects the energetics of
defect production and annealing. Such effects have been
reported in pyrochlores,15,30–32 perovskites,33 A2TiO5 struc-
tures (A = lanthanides),34 spinels,35 zircons,36 monazites,36 as
well as apatite.25 The effect of chemical composition on
radiation tolerance may be associated with different anti-site
defect formation energies caused by changes in cation radius
ratio,15,37 or with the ratio of electronic-to-nuclear stopping
power (ENSP).36 Previously, Soulet et al. reported that silicate-
phosphate apatite shows a decrease in a-annealing efficiency
upon increasing SiO4/PO4 group ratio, but little explanation
was given.25 To understand the chemical composition effects
on apatite structure radiation stability, we performed ion
beam irradiation using 1 MeV Kr2+ on a series of vanadate-
phosphate fluorapatite Ca10(PxV12xO4)6F2 (x = 0, 0.2, 0.4, 0.5,
0.6, 0.8, 1.0) and (PbxCa12x)10(VO4)6F2 (x = 0, 0.4, 0.6, 0.8), in
order to understand the effects of A-site and B-site composi-
tions on the radiation damage and defect annealing processes
in the apatite structure.

2. Experiments

The calcium-lead vanadate fluorapatite powders with different
compositions were synthesized by solid state reaction between
CaO (prepared by firing AR grade CaCO3 at 900 uC), PbO, V2O5

and CaF2 powders mixed in corresponding proportions and
fired at 800 uC in alumina boats at ambient atmosphere for 10
h, as described in an earlier work.4 These precursor powders
were then ball-milled and treated again at 800 uC for about 2.5
days to allow the reaction to proceed to completion. To
synthesize calcium vanadate–phosphate fluorapatite, CaO,
V2O5 and CaF2 powders were mixed in appropriate proportions
in diluted orthophosphic acid and stirred for more than 2 h.
The sludge was dried at about 95 uC in oven for 2 days,
followed by heat treatment at 900 uC for 24 h. By controlling
the ratio between different reagents, we deliberately synthe-
sized vanadate–phosphate fluorapatite Ca10(PxV12xO4)6F2 with
different PO4/VO4 tetrahedral group ratios and calcium-lead
vanadate fluorapatite (PbxCa12x)10(VO4)6F2 with different Pb/
Ca cation ratios. Such a replacement of the PO4 groups by the
larger VO4 groups or calcium by the larger lead cation results
in a larger unit cell and a larger channel cross-section with
which to accommodate larger anions such as iodine, which
make the vanadate–phosphate fluorapatite a promising host
phase for the immobilization of the fission product I-129.

Iodine-containing apatite in the form of Pb10(VO4)6I2 was
previously reported,12,38 displaying the same crystal structure
as the Pb10(VO4)6F2 apatite.

For the investigation of the fluorapatite radiation perfor-
mance affected by the different compositions, 1 MeV Kr2+ ions
were used to irradiate the different Ca10(PxV12xO4)6F2 and
(PbxCa12x)10(VO4)6F2 samples. The ion irradiations were
conducted using the IVEM-tandem facility at Argonne
National Laboratory, which consists of a Hitachi H-9000NAR
TEM interfaced to ion accelerators, and monitored with in situ
TEM for the irradiation induced structural evolution of apatite.
Both in situ high resolution TEM (HRTEM) and selected area
electron diffraction (SAED) techniques were used to track the
changes of the apatite structure under intense ion bombard-
ments. The synergetic temperature and radiation effects were
also studied by using the heating TEM stage in a temperature
range from 300 to 700 K. The Kr2+ fluences were converted to
the universal radiation damage unit of displacements per
atom (dpa) calculated by the SRIM 2008 program, using an
estimated 50 eV displacement energy (Ed) for all the atoms,
which was adopted by previous studies based on theoretical
computations.28,39

3. Results and discussion

3.1 Room temperature ion irradiation of vanadate–phosphate
fluorapatite

Vanadate–phosphate fluorapatites with different PO4/VO4

ratios, Ca10(PxV12xO4)6F2 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1), were
irradiated by 1 MeV Kr2+ at room temperature (300 K) with a
dose rate of 6.25 6 1010 ions cm22 s21. In general, all of these
fluorapatites underwent a crystalline-to-amorphous transition
under 1 MeV Kr2+ irradiation, as a result of the ballistic
interaction and the subsequent atomic displacements.
However, the critical ion fluences for the amorphization
varied with the chemical composition, i.e. the PO4/VO4 ratio,
indicating that the radiation stability depends on the
composition of the B-site. Fig. 1 shows a series of SAED
patterns (inset) and corresponding high resolution TEM
(HRTEM) images taken at different ion fluences for pure
vanadate fluorapatite Ca10(VO4)6F2 with x = 0. The HRTEM
lattice image and SAED inset in Fig. 1a clearly show a
hexagonal structure typical for the fluorapatite. Small amor-
phous domains began to appear at a low fluence of 6.25 6
1013 ions cm22 (Fig. 1b), suggesting that direct impact process
may be responsible for amorphization. At a fluence of 1.25 6
1014 ions cm22, extended damage was observed by HRTEM,
and a significant diffuse halo appeared in SAED, accompany-
ing the weakening of the diffraction pattern (Fig. 1c). Finally,
the lattice image showed a fully amorphous matrix with a
SAED diffuse halo completely replacing the diffraction spot
pattern when the fluence exceeded 1.6 6 1014 ions cm22 or
0.21 dpa (Fig. 1d), which is the critical amorphization dose (Dc)
for Ca10(VO4)6F2 at room temperature. A higher Dc indicates
higher resistance to radiation-induced amorphization.
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When 20 at% vanadium was substituted by phosphorus,
resulting in a chemical composition of Ca10(P0.2V0.8O4)6F2 (x =
0.2) with a decreased unit cell, the radiation tolerance of
apatite increased. As shown in the TEM images in Fig. 2, the
complete amorphization of Ca10(P0.2V0.8O4)6F2 only occurred
after the fluence exceeded 2 6 1014 ions cm22 (y0.26 dpa),
which is about 25% higher than the Dc of Ca10(VO4)6F2.
Further increase in x and hence the PO4/VO4 ratio leads to a
more radiation tolerant apatite structure with higher Dc. A
complete substitution of phosphorus for vanadium (x = 1),
which results in a pure phosphate apatite of Ca10(PO4)6F2,
brings the highest Dc of 6 6 1014 ions cm22 (0.73 dpa) among
all Ca10(PxV12xO4)6F2 compositions, as shown by the series of
SAED patterns taken at different ion fluences (Fig. 3). The
vanadate–phosphate fluorapatite Dc dependence as a function
of x (Fig. 4a) indicates that the radiation tolerance of
Ca10(PxV12xO4)6F2 increases monotonically with the P occu-
pancy at the B-site. As the composition changes from a
vanadate fluorapatite of Ca10(VO4)6F2 (x = 0) to a phosphate

fluorapatite of Ca10(PO4)6F2 (x = 1), the Dc increases to over
three times the original value. Therefore, the substitution of
PO4 tetrahedral groups for VO4 groups can enhance the
radiation stability of fluorapatite, although it may reduce of
the capacity to incorporate iodine into the structure.

3.2 Temperature dependence of the radiation tolerance of
vanadate–phosphate fluorapatite

Temperature is an important factor that directly affects the
defect dynamics and hence the radiation damage process.
Generally, at elevated temperatures, increased mobility of
radiation-induced defects results in a higher Frenkel pair
recombination rate and defect interaction with the materials
microstructure, leading to the suppression of radiation
damage as a result of a dynamic annealing effect. Materials
that are subject to radiation-induced amorphization at room
temperature can become highly radiation resistant when the
temperature exceeds a critical value when the enhanced defect
annealing rate is greater than the radiation defect production,
such that the amorphization cannot occur even at extremely
high doses. Thus, the critical temperature (Tc) is a distinctive
property and a good measure of the radiation tolerance of
materials, as a higher Tc is associated with higher tendency
towards radiation-induced amorphization and lower radiation
tolerance.

In order to understand the temperature dependence of the
radiation tolerance of vanadate–phosphate fluorapatite,
Ca10(PxV12xO4)6F2, a series of 1 MeV Kr2+ irradiation experi-
ments were conducted at different temperatures from 300 K to
700 K for 3 different compositions: Ca10(VO4)6F2,
Ca10(P0.5V0.5O4)6F2 and Ca10(PO4)6F2. In situ TEM observation
confirmed the enhanced radiation tolerance at elevated

Fig. 1 TEM images showing the amorphization process of Ca10(VO4)6F2 induced
by 1 MeV Kr2+ irradiation: (a) original crystalline apatite, (b) radiation damage at
a fluence of 6.25 6 1013 ions cm22 and (c) 1.25 6 1014 ions cm22, (d) complete
amorphization at 1.875 6 1014 ions cm22.

Fig. 2 TEM images showing the amorphization process of Ca10(P0.2V0.8O4)6F2:
(a) original, (b) at a fluence of 6.25 6 1013 ions cm22, (c) amorphization at a
fluence of 3.125 6 1014 ions cm22.

Fig. 3 SAED patterns showing the amorphization process of Ca10(PO4)6F2: (a)
original, (b) at a fluence of 5.625 6 1014 ions cm22, (c) amorphization at a
fluence of 8.75 6 1014 ions cm22.

Fig. 4 Dependence of critical amorphization dose (Dc) on (a) P concentration x
at V site in Ca10(PxV12xO4)6F2 and (b) Pb concentration x at Ca site in
(PbxCa12x)10(VO4)6F2.
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temperatures for these fluorapatites. For instance, at 673 K,
Ca10(VO4)6F2 remains highly crystalline at a high fluence of 1.5
6 1015 ions cm22 (Fig. 5), which is an order of magnitude
higher than its room temperature Dc of 1.6 6 1014 ions cm22.
However, in situ TEM also revealed distinct amorphization at
higher temperatures for fluorapatites with different PO4/VO4

ratio at the B-site. The phosphate fluorapatite Ca10(PO4)6F2

already becomes extremely resistant to amorphization above
y440 K; in contrast, the vanadate Ca10(VO4)6F2 can still be
amorphized at nearly 600 K. The Dc values of the three
different apatite compositions at different temperatures are
shown in Fig. 6a; and based on a direct impact model,40,41

their temperature dependence curves were fit by an empirical
exponential function in the form of

Dc~
D0

1{ exp½(Ea=k)(1=Tc
{1=T)�

,

in which D0 is the critical amorphization dose extrapolated at T = 0
K, Ea is the activation energy for defect annealing, and Tc is the
critical amorphization temperature. The fitted Tc values, which are
441 ¡ 17 K for Ca10(PO4)6F2, 562 ¡ 16 K for Ca10(P0.5V0.5O4)6F2

and 603 ¡ 1 K for Ca10(VO4)6F2, steadily decreases with P
concentration at the B-site as shown in Fig. 6b, indicating
enhanced radiation tolerance with higher PO4/VO4 ratio, which is
consistent with the room temperature irradiation data.

3.3 Ion irradiation of calcium–lead vanadate fluorapatite
(PbxCa12x)10(VO4)6F2

Similar to the substitution of VO4 for PO4 tetrahedral groups in
fluorapatite, substitution of Pb for Ca at the fluorapatite A-site
causes unit cell expansion, with an increase of the a lattice
parameter from 9.7068 Å to 9.7526 Å and c from 7.0118 Å to
7.0415 Å.5 Such a substitution not only increases apatite
structure unit cell volume, but also changes its radiation
tolerance. The ion irradiation experiments for calcium–lead
vanadate fluorapatites (PbxCa12x)10(VO4)6F2 were conducted at
room temperature with 1 MeV Kr2+ beams in a similar way as
the vanadate–phosphate apatites in Section 3.1. The TEM
images in Fig. 7 show that by increasing the Pb occupation at
the Ca A-site from 0 to 40 at%, the Dc decreases from 1.6 6
1014 ions cm22 (0.21 dpa) as in Ca10(VO4)6F2 to 6.875 6 1013

ions cm22 (0.11 dpa) as in Pb4Ca6(VO4)6F2.
The dependence of the radiation tolerance for

(PbxCa12x)10(VO4)6F2 fluorapatite on the Pb content is indi-
cated by the Dc curve as a function of Pb doping concentration
x at Ca site (Fig. 4b). The Pb-content exhibits a negative impact
on the radiation performance of fluorapatite. By replacing 80
at% of the Ca atoms with Pb, resulting in a composition of
Pb8Ca2(VO4)6F2, the critical amorphization dose at room
temperature is reduced to nearly 20% of that of pure calcium
apatite Ca10(VO4)6F2. Similar to the Dc dependence on P
concentration in phosphate–vanadate apatite, the Dc depen-
dence curve for (PbxCa12x)10(VO4)6F2 decreases with increasing
Pb-concentration, x.

Fig. 5 SAED patterns showing Ca10(VO4)6F2 remained while the ion fluence
increased from (a) 2.5 6 1014 ions cm22, (b) 6.25 6 1014 to (c) 1.5 6 1015 ions
cm22.

Fig. 6 (a) Temperature dependence of Dc for three different vanadate–
phosphate fluorapatite compositions; (b) Tc dependence on P concentration x at
the V site in Ca10(PxV12xO4)6F2.

Fig. 7 SAED patterns showing the amorphization process of Pb4Ca6(VO4)6F2 at
room temperature: (a) original crystalline sample, (b) radiation damage at a
fluence of 3.125 6 1013 ions cm22 and (c) 5.625 6 1013 ions cm22, (d)
amorphization at a fluence of 6.875 6 1013 ions cm22, which is significantly
lower than the Dc of Ca10(VO4)6F2.
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3.4 The effect of ENSP on the radiation tolerance of
fluorapatites with different compositions

The energy loss mechanism of the energetic ions is crucial in
determining the irradiation damage process. The ballistic
effect of nuclear energy loss (or nuclear stopping power: Sn)
causes atomic displacements that can lead to amorphization
of the irradiated materials. The effect of electronic energy loss
(or electronic stopping power: Se) may depend on its intensity.
Moderate Se is capable of promoting defect recombination or
recovery, even recrystallization of materials.42–45 In contrast,
very high Se, which occurs in swift heavy ion irradiations, can
induce thermal spikes that are responsible for the phase
transition,46–49 damage or even amorphization.13,49,50 Since
the competition between radiation damage production and
defect recovery determines the amorphization process, the
ratio of electronic to nuclear stopping power (ENSP) can be a
significant factor that affects a materials’ radiation stability. A
higher ENSP value may result in higher radiation defect
recovery rate as compared with radiation damage accumula-
tion, and hence enhanced radiation resistance.

Previously, Meldrum et al. demonstrated that, under 800
keV Kr2+ irradiation, the Tc trend in phosphate zircons and
monazites of different cation compositions (LnPO4) correlates
well with the ENSP.36 As for the radiation stability of apatite
structure, an early study reported that crystalline
Ca2Nd8(SiO4)6O2 is unaffected by ionizing radiation, but
undergoes amorphization due to displacement mechanisms
caused by recoil nuclei emitted in alpha decay.51 Utsunomiya
et al. also used ENSP to explain the Tc variation of synthetic
britholite Ca42xREE6+x(SiO4)6O2 (REE = rare earth elements),
which had an inverse correlation.14 Amorphous apatite can
even recrystallize under 200 keV electron beam due to
ionization effects.52,53 Recently, Weber et al. demonstrated
that the Dc increases and the Tc decreases for silicate apatite
with increasing ratio of in-cascade ionization to displacement
rates, which can be explained and predicted by a dynamic
model.28 In light of the importance of the energy loss
mechanisms, we calculated the ENSP for the different
fluorapatite compositions using SRIM 2008. The ENSP
calculation results reveal that the steady increase of room
temperature Dc (Table 1) and decrease of Tc (Fig. 8) upon
decreasing V- and Pb-contents correlates with the increase of
ENSP of the fluorapatites. The influence of electronic loss
indicated by higher ENSP is responsible for the enhanced
defect recovery and suppression of radiation-induced amor-
phization in fluorapatite, which is consistent with previous
studies.32 The increasing Dc and enhanced radiation tolerance
of vanadate–phosphate fluorapatite with increasing PO4/VO4

ratios may also be attributed to the easier rearrangement of
the PO4 tetrahedral group upon ion irradiation as compared
with the larger VO4 group. The rearrangement of the PO4

tetrahedra may improve the radiation defect annealing
efficiency in a similar way to the enhancement of radiation
tolerance of pyrochlores by reducing the A-site to B-site cation
radius ratio to lower the cation anti-site defect energy.37

In the use of the apatite structure as a nuclear waste form,
the important factors are waste loading, radiation tolerance,
and chemical durability. For Ca10(PxV12xO4)6F2 and
(PbxCa12x)10(VO4)6F2, although the replacement of PO4 group
by the larger VO4 group, or Ca by the larger Pb, leads to a larger
channel that can accommodate larger ions, such as iodine, the
resulting structure also has a lower radiation stability. In
addition, the replacement of the smaller and lighter atoms by
heavier atoms also reduces the weight percentage of waste
loading. This problem is especially remarkable for Pb which is
about five times heavier than Ca, so that a complete
substitution of Pb for Ca in (PbxCa12x)10(VO4)6F2 adds over
100% weight to the waste form, as compared with only 12 wt%
for complete substitution of V for P in Ca10(PxV12xO4)6F2.
Therefore, it is important to balance factors such as iodine
loading, waste form weight and radiation stability, by
adjusting the chemical composition of the fluorapatite, to
achieve an optimized waste form design. The current data
show that a vanadate–phosphate fluorapatite
Ca10(PxV12xO4)6F2 with moderate V content may be more
favorable than a lead-rich vanadate fluorapatite
(PbxCa12x)10(VO4)6F2 in terms of optimal nuclear waste form
performance.

4. Conclusions

The radiation tolerance of fluorapatite AI
4AII

6(BO4)6F2, a
proposed nuclear waste form, can be tailored by controlling
the species of cation at the A-site and the BO4 tetrahedral
group at the B-site. Substituting Pb for Ca at the A-site or VO4

for PO4 at the B-site, a method used to enhance the
accommodation of I-129 in apatite, can also significantly
reduce apatite’s tolerance against radiation-induced amorphi-
zation. A complete substitution of V for P in Ca10(PxV12xO4)6F2

Table 1 Comparison of ENSP and Dc for fluorapatites with different composi-
tions

Composition Se (eV nm21) Sn (eV nm21) ENSP Dc (ions cm22)

Pb4Ca6(VO4)6F2 774 1143 0.68 0.11
Ca10(VO4)6F2 736 1010 0.73 0.21
Ca10(P0.5V0.5O4)6F2 775 1022 0.76 0.30
Ca10(PO4)6F2 823 1043 0.79 0.73

Fig. 8 Tc vs. ENSP plot indicates decreasing Tc with increasing ENSP.
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results in an exponential reduction of room temperature
critical dose by about 70% and an increase in critical
temperature from 441 ¡ 17 K to 603 ¡ 1 K; whereas, a
replacement of 80 at% of Ca by Pb results in an exponential
reduction of room temperature critical dose by about 80%. The
reduced radiation stability upon atomic substitution at the A-
or B-site can be attributed to the decreasing ENSP ratio and the
more difficult rearrangement of the VO4 tetrahedral group.
The tailoring of fluorapatite’s radiation stability by controlling
the chemical composition enables optimal nuclear waste form
design for enhanced performance, which should balance the
waste loading and the radiation stability of fluorapatite.
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Bulk Iodoapatite Ceramic Densified by Spark Plasma Sintering with
Exceptional Thermal Stability

Tiankai Yao,‡ Fengyuan Lu,‡ Hongtao Sun,‡ Jianwei Wang,§ Rodney C. Ewing,¶ and Jie Lian‡,†

‡Department of Mechanical, Aerospace, and Nuclear Engineering, Rensselaer Polytechnic Institute, Troy, New York 12180

§Department of Geology & Geophysics, Center for Computation and Technology, Louisianan State University, Baton Rouge,
Louisiana 70803

¶Department of Geological & Environmental Sciences, Stanford University, Stanford, California 94305-2115

Iodoapatite powder prepared by high-energy ball milling is den-

sified by Spark Plasma Sintering to ~96% theoretical density.

X-ray Diffraction and First-principle Calculation indicates the

sintered phase is iodine-deficient apatite with chemical compo-
sition of Pb9.85(VO4)6I1.7 and iodine confinement over 8 wt%.

Thermogravimetric analysis shows the bulk iodoapatite dis-

plays exceptionally stability without iodine release until 670°C.
The greatly improved iodine confinement can be attributed to
the dense matrix upon rapid consolidation from highly acti-

vated powders by mechanical attrition.

I. Main Article

AS a byproduct of uranium fission, radioactive I-129, has
detrimental effect on both environment and human

beings due to its involvement in metabolic process and extre-
mely long half-life around 15.7 million yr.1 Iodine is extre-
mely mobile and highly volatile, unreactive with many
silicate minerals and rocks, and no engineering barriers can
be used to confine iodine. Therefore, the capture and immo-
bilization of I-129 into a durable waste form that can retain
its integrity in deep geological disposal environment is of
particular importance for effective nuclear waste manage-
ment. Glass waste form is currently adopted for its versatile
incorporation of complex nuclear waste streams,2 and recent
composite glass waste forms were developed, based on
Bi–Zn-oxide3 and Bi–Si–Zn-oxide,4 in confining iodine.
However, the vitrification of conventional glass waste forms
requires elevated temperature and relatively long processing
duration, and thus is less desirable for volatile elements such
as I-129, necessitating the development of new waste forms
that can be processed and consolidated at relatively low tem-
perature without or minimal iodine loss.

Apatite is an earth abundant mineral, normally denoted as
A10(BO4)6C2, displaying extraordinary structural flexibility
and crystal chemistry. A wide range of radionuclides can be
incorporated into apatite structure through coupled cation
and anion substitutions (e.g., A = Ca, Na, Pb, rare earth, fis-
sion product elements, or actinides; B = P or V; C = F, Cl,
I). Among these, Pb10(VO4)6I2 was proposed as a potential
waste form for iodine immobilization due to its high chemi-
cal durability evidenced by its mineral analogue, a measured

rate of dissolution of 0.0025 g/m2d at pH 6 and 90°C,5 and
high iodine loading of around 8 wt% as inferred from its
crystal structure.5–7

However, it is a great challenge to consolidate lead vana-
date iodoapatite into dense ceramics due to the highly vola-
tile nature of iodine. Pb10(VO4)6I2 also experiences a phase
decomposition to Pb3(VO4)2 at a low temperature less than
300°C, and a complete iodine loss occurred at ~400°C.8 Con-
ventionally, it was synthesized by confined reactive high-pres-
sure sintering in which PbI2 as the core part is encapsulated
by Pb3(VO4)2. The vanadinite not only acts as reaction
reagent but also a barrier to prevent the release of iodine as
the sintering temperature (700°C) is significantly higher than
the melting point of PbI2 (400°C).5,9 Recently, microwave
heating was used to fabricate bulk lead vanadate iodoapatite.
However, highly dense pellets cannot be achieved and voids
at the order of 10 lm dominated the microstructure of sin-
tered pellets.10 Spark plasma sintering (SPS) was also utilized
to sinter Pb–P–V iodoapatite by both nonreactive and reac-
tive sintering,11 in which iodoapatite powders as the starting
materials were synthesized by solid-state reaction and calci-
nation at 720°C for 15 h in a sealed quartz ampoule. Ther-
mal stability and iodine confinement were not reported on
the SPS-densified pellets. Consolidation of iodoapatite into
dense bulk form with minimal iodine loss is critical for the
development of durable waste forms for iodine confinement.

In this work, iodoapatite powders were fabricated by solid-
state reaction at room temperature using high-energy ball
milling (HEBM) of powders of the constituent chemicals12

followed by a low-temperature annealing (200°C), in which
the iodine can be well confined in the powders. HEBM
greatly improve the sinter ability of the synthesized powder
samples, and thus dense iodoapatite pellets with a relative
density of 96% can be consolidated by spark plasma at 700°C
at very short durations (several minutes). The low tempera-
ture synthesis of iodoapatite and rapid consolidation by SPS
greatly mitigate the iodine loss associated with synthesis and
densification processes. The SPS-densified iodoapatite pellets
shows exceptional thermal stability and no iodine release
occurs until 670°C. Those features underline that SPS com-
bining with HEBM is promising in fabricating advanced
waste form materials with greatly improved thermal stability
for incorporation of highly volatile element I-129.

Lead vanadate iodoapatite powder were firstly prepared
by HEBM (Fritsch, Pulverisette 7, Idar-Oberstein, Germany)
of the stoichiometric quantity of constituent compounds
including PbO (99.9% purity; Alfa Aesar, Ward Hill, MA),
V2O5 (98% purity; Sigma-Aldrich, St. Louis, MO), and PbI2
(99% purity; ACROS, Fair Lawn, NJ) to target a chemical
composition of Pb10(VO4)6I2. The HEBM was performed in
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a sealed environment at room temperature to avoid the
potential loss of volatile iodine during the solid-state reaction
process. In this study, 10 g of constituent powders was mixed
with 100 g of 2 mm ZrO2 ball in an 80 ml ZrO2 milling
bowl. The mixture was milled for 10 h at a speed of 500 rpm
with a pulse of 10 mins on and 5 min off. The highest tem-
perature in the milling bowl during HEBM was around
50°C. Iodoapatite in the form of amorphous matrix embed-
ded with nm-sized crystalline clusters formed upon HEBM,
as shown by the broad characteristic diffraction peak (112)
of iodoapatite centered at 2h of 28° (see Fig. 1). Scanning
electron microscopy by a Carl Zeiss Supra SEM (Jena, Ger-
many) shows a typical feature of micron-sized granular for
samples prepared by HEBM (inset in Figure). Energy disper-
sive spectroscopy (EDS) spectrum was acquired with an
OXFORD INCA EDS detector equipped with the SEM
(Oxfordshire, UK). Semiquantitative elemental analysis based
on SEM-EDS indicates that a high content of iodine (above
9.1 � 0.6 wt%) can be incorporated into as-milled powder.
The as-milled iodoapatite powder was thermally treated at
200°C for 1 h in order to achieve a single phase of crystalline
iodoapatite, and no iodine loss was identified upon low-tem-
perature annealing. The effects of ball milling and thermal
treatment parameters on the microstructure, phase, and
chemical composition and iodine confinement were reported
separately.12

For consolidation, 1.5 g of the annealed powder was
loaded into a graphite die (15 mm inside diameter) and sin-
tered by SPS system (Model 10-3, Thermal Tech. LLC.,
Santa Rosa, CA) with a direct current of 25 ms plus on and
5 ms off. Applied pressure increased to 40 MPa with the sin-
tering temperature increased to 700°C at a heating rate of
200°C/min. A K-type thermal couple was used to monitor
the sintering temperature. The sintering durations of 1 and
3 min were employed (hereafter referred to as 700-1 and 700-
3 samples). Upon release of the pressure and cool down with
furnace after sintering, densified pellets by SPS were
obtained. Archimedes density of the sintered sample was
measured by using ethanol as the immersion media at room
temperature. A color change occurred from the starting pow-
der (light yellow) to the sintered pellet (black green), similar
to materials consolidated by SPS previously reported.13,14

The thermal stability of the sintered sample was evaluated by
thermogravimetric analysis (TGA) in inert gas environment
(nitrogen) with a temperature ramp rate of 5°C/min.

Figure 2(a) shows the x-ray diffraction patterns of the
thermally annealed powders and SPS-densified pellets at
700°C for 1 and 3 min. A dominated well-crystalline iodoap-
atite phase with the diffraction peaks corresponding to iodo-
apatite was identified, suggesting that iodoapatite phase was
well preserved without significant phase decomposition and
iodine loss during densification at elevated temperature due
to the rapid consolidation process of SPS. To better elucidate
the phase constitution of the sintered pellet, first-principle
calculation was also employed to simulate the XRD patterns
of possible structure and compositions, and compared with
the experimental XRD patterns. No structural data of stoi-
chiometric Pb10(VO4)6I2 were reported in literature. Conse-
quently, its crystal structure is constructed by replacing
chlorine in Pb10 (VO4)6Cl2 with iodine atoms, and the geom-
etry was fully optimized within the framework of density
functional theory as implanted by the CASTEP package.15

The exchange and correlation functional were treated by the
Generalized Gradient Approximation of Perdew-Burke-Ern-
zerhof (GGA-PBE).16 A 2 9 292 k-points and cut-off energy
of 820 eV were adapted to guarantee the high accuracy of
lattice parameter and thus the consequently calculated XRD
pattern [Fig. 2(b)]. A XRD pattern [Fig. 2(c)] was also simu-
lated for the previously reported substoichoimatic phase,
Pb9.85(VO4)6I1.7.

17 A perfect match was observed between the
experimental patterns and that of a slightly iodine-deficient
composition Pb9.85(VO4)6I1.7, and thus the chemical phase

of the SPS-densified sample could be better described by
substoichiometric Pb9.85(VO4)6I1.7. The slightly iodine-defi-
cient composition is also consistent with the Reitveld refine-
ment of the XRD pattern for 200°C thermally annealed
powders, suggesting no significant iodine loss occurred dur-
ing SPS densification process.

For potential applications of nuclear waste forms event-
fully disposed in a deep geological environment, highly dense
and durable matrices are desired with minimized loss of
radionuclides and enhanced chemical durability. Particularly,
highly density (e.g., greater than 92% theoretical value) may
effectively reduce the open surface11 directly contacting with
leaching environments. Thus, a dense and uniform micro-
structure favors the preserving of radionuclide confined in
the waste form. The densities of 700-1 and 700-3 samples are
found to be 95.9% and 94.6%, respectively, suggesting that
iodine apatite can be consolidated into dense bulk forms by
SPS at very short durations (e.g., several minutes). SEM
images [Figs. 3(b) and (c)] show a dense and uniform micro-
structure and small amount of submicron voids existing in
the sintered pellet. Quantitative analysis of the SEM-EDS
patterns of the SPS-densified pellets indicates a very minor
reduction in the normalized iodine content from the as-milled
powders to dense bulk form, as shown by a high iodine load-
ing above 8 wt% for the 700-3 sample [Fig. 3(e)]. This is rea-
sonable because the sample was sintered at a longer time at a
high temperature of 700°C. A uniform elemental distribution
of iodine was also identified from the periphery to the center
of the SPS-densified pellets (data not shown here). These

Fig. 1. Iodoapatite fabricated by a low-temperature solid-state
reaction by high-energy ball milling and their phase, morphology,
and microchemical compositions characterized by X-ray diffraction,
SEM and EDS.

(a) (b)

(c)

Fig. 2. XRD patterns of the 200°C thermally annealed iodoapatite
and spark plasma sintering densified pellets at 700°C for 1 and 3 min
(a); and simulated patterns by DFT calculations of stoichiometric
Pb10(VO4)6I2 (b) and that of substoichiomeric Pb9.85(VO4)6I1.7 (c).
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results indicate that the iodine loss typically occurred at
high-temperature sintering without buffer layers can be
greatly mitigated by rapid SPS consolidation process using
extremely high heating rate, very short duration, and applied
stress. SEM image of microstructure also shows a dominat-
ing trans-granular fracture feature for the SPS pellet, indicat-
ing its brittle nature.

The SPS-densified pellets display greatly improved thermal
stability and iodine confinement as a result of dense micro-
structure and larger grain size in which iodine release can be
effectively prevented. Figure 4 shows the TGA testing of the
SPS-densified pellets in a nitrogen inert gas environment at a
heating rate of 5°C/min. An in-situ XRD diffraction study8

reported that high temperature-synthesized iodoapatite de-
composes to lead ortho-vanadate Pb3(VO4)2 at only 270°C
and completely loses its iodine at above 407°C. For as-milled
powdered samples by HEBM, the onset of phase decomposi-
tion and associated weight loss occurs at ~330°C and the
iodine loss completes at 500°C. Thermal annealing of the
as-milled powders at 200°C increases the phase decomposi-
tion temperature to 400°C due to improved crystallinity and
larger grain size. The densification of the bulk iodoapatite by

SPS significantly enhances the thermal stability and no iodine
loss occurs at temperature till 670°C, significantly higher
than the phase decomposition temperature for powdered iod-
oapatite. Iodine loss completes at 800°C, and the total weight
loss for both 700-1 and 700-3 exceeds 8 wt%, consistent with
iodine content defined by EDS measurements and TGA stud-
ies previously reported. Within experimental uncertainties of
EDS measurement and TGA testing (carbon contamination
from graphite die may contribute to additional weight loss),
a slightly less weight loss was observed for the 700-3 sample,
consistent with its slightly lower density. These results imply
that partial decomposition of Pb9.85(VO4)6I1.7 and very minor
iodine loss may occur at a longer duration (3 min) at ele-
vated temperature despite that the phase decomposition and
iodine loss are effectively mitigated by the rapid consolida-
tion process.

Of particular significance, our SPS-densified pellets consoli-
dated from iodoapaite powders prepared by HEBM show an
improved thermal stability as compared previously densified
pellets by high-temperature sintering in a sealed environment
or microwave sintering. For example, a mass loss temperature
of 500°C was reported for the iodoapatite pellets prepared by
microwave dielectric heating, in which a 10% of Pb3(VO4)2
buffer phase was used for TGA testing.10 Similarly, iodoapa-
tite prepressed pellet calcinated at 700°C for 5 h in a sealed
environment is stable up to about 527°C.9 The greatly
improved thermal stability and iodine confinement of the SPS-
densified pellet in this work can be attributed a much denser
sintered microstructure and significantly reduced porosity as
compared with pellets by microwave10 or high-temperature
sintering9 with the relative density of ~80%.

II. Conclusions

Dense bulk lead vanadate iodoapatite ceramic with a density
of 95.9% TD was successfully fabricated by combination of
HEBM and SPS. Its chemical composition was determined
by using XRD and first-principle calculation to be substoi-
chiometric, Pb9.85 (VO4)6I1.7. Also, the SPS-densified pellet
displays enhanced thermal stability without iodine loss till
670°C, showing great promising as durable waste forms for
confining long-lived iodine for effective waste management.
Future work will focus on manipulating microstructure and
grain size by changing SPS parameters and explore the possi-
bility to further improve mechanical toughness, structural
integrity, and thermal stability and investigate their micro-
structure evolution upon intensive radiation environment for
potential waste form application.
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Facile low temperature solid state synthesis of
iodoapatite by high-energy ball milling
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The apatite structure-type has been proposed as a potential waste form for the immobilization of long-lived

fission products, such as I-129; however, it is difficult to synthesize iodoapatite without significant iodine

loss due to its high volatility. In this study, we report a facile low temperature (�50  C) solid-state

method for successfully synthesizing lead-vanadate iodoapatite by high-energy ball milling (HEBM) of

constituent compounds: PbI2, PbO and V2O5. As-milled iodoapatite is in the form of an amorphous

matrix embedded with nanocrystals and can be readily crystallized by subsequent thermal annealing at a

low temperature of 200  C with minimal iodine loss. Rietveld refinement of the X-ray diffraction patterns

indicates that the thermally-annealed iodoapatite is iodine deficient with an iodine concentration of

�4.2 at%. Thermal gravimetric analysis (TGA) indicates that low temperature annealing greatly improves

the thermal stability and iodine confinement. This novel approach, using HEBM and thermal annealing, is

a very promising method for synthesizing advanced materials that can confine highly volatile

radionuclides, such as I-129, which pose significant challenges for the successful disposal of high-level

nuclear waste.

1. Introduction

The immobilization and disposal of I-129, a long-lived ssion

product element (t1/2 ¼ 15.7 million years), is critical to the

effective management of high-level radioactive waste.1 I-129 is

highly mobile because it forms negatively charged species in

solution; thus, it requires a specially-designed, durable waste

form for its immobilization. There have been a number of

efforts to incorporate I-129 into a durable matrix for deep

geological disposal.1–5 The apatite-type structure AI
4A

II
6(BO4)6X2

(AI, AII
¼ Ca, Na, rare earths, ssion products such as Sr, and/or

actinides; B ¼ Si, P, V, or Cr; and X ¼ OH, F, Cl, or O) offers the

advantages of high waste loading, high chemical durability and

“tunable” radiation stability.3,6 A wide range of actinides and

ssion products can be incorporated into apatite structure as a

result of its structural exibility and complex crystal chemistry

upon coupled cation and anion substitutions. Particularly,

apatite has an open frame structure consisting of six equivalent

BO4 tetrahedra corner-connected to AO6 metaprism columns,

forming a one-dimensional channel parallel to the c axis of the

hexagonal structure. Large A-site cations create a larger channel

capable of accommodating X-anions, such as iodine. In

contrast, smaller A-site cations reduce channel size, which may

lead to X anion vacancies and non-stoichiometric apatite

compositions.7,8 Lead vanadate iodoapatite Pb10(VO4)6I2 has

large A- and B-site atoms of Pb and V that enable the accom-

modation of the high concentrations of iodine anions in the

tunnel and has thus been proposed as a promising waste form

for the immobilization of I-129. The theoretical iodine loading

estimated from the stoichiometric composition is �8.4 wt%.

Extensive research has been conducted on the synthesis and

testing of Pb10(VO4)6I2 type iodoapatite for iodine connement

and disposition. A previous ab initio calculation estimated the

standard enthalpy of formation for stoichiometric iodoapatite

to be "1298.471 kcal mol"1, suggesting that the iodoapatite

may be thermodynamically stable at room temperature.9 Efforts

to synthesize iodine-bearing apatite date back to the 1950s,10

and are currently attracting renewed interests due to the

increasing concerns over the waste management of I-129.3,11,12

Conventional hot pressing method has been used to synthesize

the lead vanadate iodoapatite at sintering temperatures of

approximately 700  C, and structural analysis by Audubert

et al.13 showed an iodine-decient, Pb-apatite structure-type

with a composition of Pb9.85(VO4)6I1.7 and a theoretical

density of 6.935 g cm"3. A signicant iodine loss may occur

during synthesis process due to the high volatility of iodine and

a phase decomposition of lead-vanadate iodoapatite (e.g.,

Pb10(VO4)6I2 or Pb9.85(VO4)6I1.7) to orthovanadate Pb3(VO4)2 at

�270  C and a complete iodine loss occurs at �400  C.14 As a

result, highly isolated systems such as sealed containers or
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encapsulating ceramics are needed for the synthesis of iodoa-

patite by solid state reaction at elevated temperature in order to

prevent potential iodine loss.1,3,15 Recently, novel techniques

such as reactive microwave dielectric heating12 and spark

plasma sintering (SPS)11 have been developed for the synthesis

of lead vanadate iodoapatite. Rapid heating of the materials

resulting from eld assisted sintering helps to prevent signi-

cant iodine loss. However, these methods still involve chemical

reaction at elevated temperatures by heating the samples. As a

result, the development of a low temperature solid state

approach for synthesizing iodoapatite without release of

radioactive iodine is critical for safe immobilization and

disposal of problematic I-129.

In the present work, we demonstrate a one-step facile route

for synthesizing iodoapatite via a low temperature solid-state

reaction by a high energy ball mill (HEBM). The solid-state

reaction, targeting the Pb10(VO4)6I2-based iodoapatite struc-

ture, was energized solely by mechanical attrition induced by

HEBM without any heating, leading to nanocrystals embedded

into an amorphous matrix. The ball-milled, amorphous iodoa-

patite can be crystallized by subsequent thermal annealing at a

relatively low temperature of 200  C. Chemical analysis indi-

cated that no iodine loss occurred upon low temperature

thermal annealing, and the iodine waste loading is above

7 wt%, close to the maximum waste loading dened by the

structural stoichiometry. The efficient synthesis of iodoapatite

by HEBM and subsequent annealing provides a new pathway for

the development of advanced iodine bearing waste forms with

minimum iodine-loss.

2. Experimental procedure

The HEBM process was carried out in a Fritsch Pulverisette 7

Premium Line planetary ball mill following simple and efficient

procedures. Specically, commercially-available micron-sized

PbI2 (99.5% purity), PbO (99.3% purity) and V2O5 (99.1%

purity) powders were mixed in a molar ratio of 1 : 9 : 3 as the

starting materials. In a typical run, 10 g of these powders were

milled with 5 ml of ethanol by 100 g of 2 mm diameter ZrO2

milling balls in an 80 ml ZrO2 milling bowl. The mixtures were

milled at a speed of 500 rpm at varied durations of 5, 10 and 20

hours, respectively. During the milling process, the temperature

and pressure inside the milling bowl were monitored by an Easy

GTM sensor. Aer the milling, the powders were dried and

separated from the milling balls, and subsequent thermal

annealing was performed on as-milled powders at different

temperatures of 200, 300, 400 and 550  C in air for 1 hour,

respectively.

The morphology, microstructure and chemical composition

of as-milled and thermally-treated samples were characterized

by a JEOL 2010 transmission electron microscopy (TEM) and by

a Zeiss Supra 55 scanning electron microscopy (SEM). Crystal

structures were analyzed by X-ray diffraction (XRD) with a

PANalytical X'pert Pro X-ray diffractometer, and the Rietveld

structural renement of the XRD data was done with TOPAS

soware. To determine the phase transition temperature of the

as-milled samples, differential scanning calorimetry (DSC) was

conducted in a DSC-Q100 instrument (TA instrument, US). The

powder samples were loaded into a covered aluminum pan in a

nitrogen atmosphere with a nitrogen ow rate of 50 ml min"1,

followed by a thermal cycle of heating to 510  C at a heating rate

of 5  C min"1 and then cooling down to room temperature at

10  Cmin"1. Thermal gravimetric analysis (TGA) was performed

in a TGA-Q50 (TA instrument, US) system to determine the

weight loss during heating from room temperature to 510  C

under owing air at a heating rate of 5  C min"1.

3. Results and discussion
3.1 Materials synthesis by high energy ball milling

Simple binary oxides and iodide of PbI2, PbO and V2O5 in a

molar ratio of 1 : 9 : 3 were selected as the starting materials for

HEBM synthesis of iodoapatite in order to target the stoichio-

metric composition of Pb10(VO4)6I2. Ethanol was used for wet

grinding to improve the milling efficiency and prevent

agglomeration and chunk formation. During the high energy

ball milling, the temperature and pressure inside the bowl

slightly increased to �50  C and �1.5 bars as monitored by the

Easy GTM sensor. The high impact velocities and frequencies of

the grinding media bring the materials into a highly non-

equilibrium state, consequently inducing a solid state chem-

ical reaction among the ingredients: PbI2 + 9PbO + 3V2O5 /

Pb10(VO4)6I2.

The XRD data in Fig. 1a indicate that the iodoapatite began

to form aer 5 hours of milling, and the appearance of a

diffraction peak at 2q ¼ 28 suggested the formation of inten-

ded phase assemblage of iodoapatite. However, due to the short

ball milling duration, there are still unreacted PbI2, PbO and

V2O5 traced in the obtained powders. A complete reaction was

achieved aer 10 hours of milling, as the original binary oxide

and iodide peaks fully disappeared and the characteristic

iodoapatite (112) peak, centered at 2q of �28 , became

Fig. 1 (a) XRD patterns of ball-milled powders with different milling

times; (b) a SEM image of an as-milled sample (20 h milling) displaying

micron-sized granules consisting of consolidated nano-sized parti-

cles; (c) and (d): a EDS spectrum and a bright field TEM image showing

the successful fabrication of I-apatite by high-energy ball milling and

nano-sized -microstructures in the as-milled sample.
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prominent. An increase in milling time to 20 hours has no

signicant effects on the phase assemblage and structure.

Signicant peak broadening and overlapping of the iodoapatite

(121), (112) and (300) diffractions centered at 2q of �28 were

observed in both 10 h and 20 h milled samples, implying the

formation of nanostructure. Fig. 1b is a SEM image of the as-

milled sample (aer 20 h milling) showing the morphology of

micron-sized granular consisting of consolidated nanoparticles

for the I-apatite, and the morphology is typically observed for

the materials prepared by high energy ball milling.

Energy-dispersive X-ray spectroscopy (EDS) measurements of

the as-milled samples were performed using TEM (as shown in

Fig. 1c). Signal of iodine can be clearly seen in the EDS spec-

trum, indicating the connement of iodine upon the formation

of the single-phase apatite aer high energy ball milling.

Quantication analysis of EDS data (see Table 1) indicates that

the 10 h milled sample is an iodine-bearing phase with �4.2

at% iodine content. The waste loading of iodine is close to the

atomic percentage in the previously-reported Pb9.85(VO4)6I1.70
iodoapatite synthesized via reactive sintering.13 The 20 h milled

sample shows an iodoapatite structure similar to that of the

10 hmilled sample as conrmed by XRD and EDS. These results

highlight a very effective approach in conning highly volatile

iodine into apatite structure-type upon solid-state reaction at

room temperature with greatly enhanced reaction kinetics and

minimized I-volatilization by high energy ball milling.

Bridge-eld TEM image (Fig. 1d) shows nano-sized particles

embedded into a larger sized cluster, consistent with the SEM

observation. High resolution TEM (HRTEM) images (Fig. 2a) of

the 10 h milled sample reveal that materials exist in the form of

nanocrystals embedded in a predominantly-amorphous matrix.

This is consistent with the discrete weak diffraction spots,

mostly corresponding to apatite (112), in an amorphous halo

background in the selected area electron diffraction (SAED)

pattern (inset in Fig. 2a). The nanocrytals are mostly 4–10 nm in

size and oen isolated from each other by the amorphous

matrix. Accompanying with the solid state reaction, the intense

mechanical attrition by the high energy ball milling also caused

solid-state amorphization, leading to the formation of amor-

phous matrix embedded with only residual nano-sized

crystallites.

3.2 Thermally-activated crystallization and phase stability

As crystalline ceramic waste form may display enhanced

chemical durability and thus reduced radionuclide release by

incorporating and conning radionuclides into the atomic

structure,16,17 crystalline iodoapatite is preferred for the

connement of iodine. Previous reports showed that thermal

crystallization of amorphous hydroxyapatite and uroapatite

usually occurred at temperature higher than 600  C.18–21

However, such relatively high temperatures may be unfavorable

for iodoapatite, because of phase decomposition due to iodine

loss.14 In contrast, the as-milled iodoapatite can be well

recrystallized at temperature as low as 200  C without signi-

cant iodine loss as a result of enhanced reactivity of the powders

upon mechanical attrition.

Thermal stability and recrystallization of the as-milled

I-apatite were rst probed by differential scanning calorimetry

(DSC) at a heating rate of 5  C min"1, as shown in Fig. 3. A

strong endothermic peak for the 10 h milled sample was

observed at 228  C extending from �190 to �250  C, corre-

sponding to the recrystallization from almost amorphized

I-apatite. The minor extended peak between 88  C and 100  C of

the 20 h milled sample may be attributed to the endothermic

peak of adsorbed water as a result of higher moisture adsorp-

tion due to signicant grain size reduction. The calculated

enthalpy of transition for the 10 hmilled sample is�24.38 J g"1.

Similarly, the 20 h milled iodoapatite undergoes an exothermic

process from �180 to �220  C that peaked at 209  C, indicating

an exothermic crystallization with an enthalpy of transition of

�27.57 J g"1. The lower exothermic peak and higher enthalpy of

transition for the 20 h milled iodoapatite can be attributed to

excess free surface energy and possible higher defect density

resulting from the longer mechanical milling duration. Such an

excess of free surface energy may greatly facilitate the

Table 1 EDS element analysis (at%) of the 10 h as-milled sample and thermally treated samples (3 columns on the left), as compared to the

element compositions for stoichiometric Pb10(VO4)6I2, non-stoichiometric Pb9.85(VO4)6I1.7 and lead vanadate Pb3(VO4)2

Element at% 10 h HEBM

10 h HEBM +

200  C

10 h HEBM +

200  C

10 h HEBM +

400  C

Stoichiometric

Pb10(VO4)6I2 Pb9.85(VO4)6I1.7 Pb3(VO4)2

V 12.00 12.54 12.27 11.78 14.28 14.44 15.38
I 4.18 4.14 3.58 1.12 4.76 4.09 0

Pb 26.91 25.98 26.73 28.83 23.81 23.71 23.08

O 56.91 57.34 57.42 58.27 57.15 57.76 61.54

Fig. 2 (a) HRTEM image and SAED pattern (inset) of the 10 h ball milled

sample showing iodoapatite nanocrystals embedded in an amorphous

matrix; (b) HRTEM image inset with a lower magnification image and

SAED pattern of the 300  C treated sample showing significant crys-

tallization and grain growth.
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crystallization process by reducing the energy difference

between the amorphous and crystalline phases to achieve a

lower transition temperature.

The as-milled iodoapatite powders were thermally treated in

air at temperatures of 200, 300, 400 and 550  C for 1 hour, and

the thermal stability and microstructure evolution were inves-

tigated by XRD diffraction. As shown in Fig. 4, signicant peak

sharpening and increase in intensity of the diffraction peaks in

the XRD patterns can be observed aer thermal treatment at

200  C and 300  C for both 10 and 20 h milled samples, indi-

cating remarkable crystallization and grain growth due to the

thermal treatment. In addition to the strongest peaks of (121),

(112) and (300) at �28 of two-theta, diffraction peaks corre-

sponding to other crystal planes of lead vanadate iodoapatite

also emerged aer 200 and 300  C thermal treatments. Further

increasing the heat treatment temperature at 400  C, dual

phases form with non-iodine bearing phase Pb3(VO4)2 domi-

nated, as a result of iodine volatilization and decomposition of

iodine apatite into lead vanadate for both samples milled at 10

and 20 h.

The thermally-activated crystallization and grain growth was

also observed by both in situ and ex situ TEM and SEM. In situ

TEM was performed while heating the as-milled sample to

200  C with a heating stage, showing that the originally amor-

phous matrix rapidly crystallized with grain coarsening to

�30 nm in only tens of seconds. This is also evident by ex situ

TEM characterization of the 300  C treated sample which

exhibits a well-crystalline grain structure with an average size of

30–50 nm (Fig. 2b). The enhanced crystallinity of the ball milled

sample upon thermal treatment is also evidenced by the

selected area diffraction pattern (inset in Fig. 2b). Ex situ SEM

images show that the micron-sized granules consisting of

consolidated nanoparticles are clearly observed as compared

with the rough surface of the mainly amorphous, as-milled

sample in Fig. 1b and d, the thermally-treated samples shown

in Fig. 5 exhibit equant grains with well-identied grain

boundaries. In addition, the larger grain size can be observed at

higher annealing temperatures as a result of thermally-activated

grain boundary migration and coarsening. A qualitative

assessment of microstructures indicates that the thermally-

Fig. 3 DSC curves of the as-milled iodoapatite samples: (a) 10 h milled

and (b) 20 h milled with a heating rate of 5  C min"1.

Fig. 4 XRD patterns of thermally treated samples at 200  C, 300  C

and 400  C for 1 hour for both 10 h and 20 h milled samples. Amor-

phous-dominant iodoapatite began to form after 10 h and 20 h ball

milling. A pure and highly crystalline iodoapatite was obtained by 200
 C and 300  C thermal treatments; and a further increase in temper-

ature to 400  C led to the formation of Pb3(VO4)2 as a result of

iodoapatite phase decomposition and iodine loss.

Fig. 5 High magnification SEM images of the 20 h ball milled sample

after (a) 300  C and (b) 400  C thermal treatment; and the 20 h ball

milled sample after (c) 300  C and (d) 400  C thermal treatment.
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treated samples, resulting from longer ball-milling times, has a

ner grain size, consistent with the smaller initial particle size

prior to thermal treatment. An increase of thermal treatment

temperature to 400  C leads to further grain growth.

In brief, the ball milling and thermal treatment mainly affect

the grain size and crystallinity of the samples. On one hand,

high energy ball milling induces solid state chemical reaction to

form the iodoapatite; on the other, it reduces the grain size and

crystallinity of the sample viamechanical attrition. Post-milling

thermal treatment below 400  C improves the crystallinity and

induces a grain growth in the sample; however, thermal treat-

ment temperature at 400  C or above induces signicant

decomposition of the iodoapatite phase.

3.3 Structural characteristics of iodoapatite by Rietveld

renement

Rietveld renements were performed on the XRD data revealing

detailed structural characteristics of the thermally treated

samples. The successful XRD data renement of the 200, 300

and 400  C treated samples, as indicated by the good t of the

patterns in Fig. 6, suggests that the 200 and 300  C treated

samples are a pure, iodine-bearing apatite structure. The

structural parameters and the key bond lengths of the 200 and

300  C treated pure iodoapatites are summarized in Table 2 and

3. The iodoapatite samples, treated at 200  C and 300  C, are

identical to the hexagonal apatite structure (P63/m). There are

two types of Pb atoms (the columnar Pb1 and axial Pb2), tightly

bonded to VO4 tetrahedra and I atoms that are aligned in the

channel formed by the VO4 tetrahedra corner-connected to

PbO6 metaprism columns along the c-axis, as shown in Fig. 7.

The VO4 unit is comprised of one V and four crystallographically

nonequivalent O atoms, O1, O2, O3 and O4, with 6 sites for O1

and O2, and 12 sites for O3 and O4. The Rietveld renement

indicates that the pure iodoapatite phase in the 200  C and 300
 C treated samples contain certain iodine and lead deciencies,

with slightly different compositions of Pb9.85(VO4)6I1.70 (200
 C)

and Pb9.84(VO4)6I1.68 (300
 C). This iodine-decient structure is

similar to the non-stoichiometric iodoapatite Pb9.85(VO4)6I1.70
reported by Audubert et al.13 The 200  C treated sample has a

smaller lattice parameter a but a larger c-parameter than the

sample treated at 300  C. This suggests that the large iodine

atom competes with the Pb for the sites in the tunnel along the

c-axis. The bond lengths of V–O in the VO4 tetrahedra (Table 3)

range from 1.631 to 1.802 Å for the 200  C treated sample, and

1.567 to 1.877 Å for the 300  C treated one, respectively. The

more distorted VO4 tetrahedra in the 200  C treated sample may

be attributed to the slightly higher iodine occupancy, as infer-

red by the calculated chemical formula.

The two phases in the sample treated at 400  C are evident in

the XRD pattern (Fig. 4) and were also determined by the Riet-

veld renement as 15 wt% of Pb3(VO4)2 and 85 wt% of highly

iodine-decient Pb9.45(VO4)6I0.9, with anion vacancies along c-

axis. The dominant phase of Pb9.45(VO4)6I0.9 exhibits a low

iodine occupancy of 0.0745 as compared with 0.1424 in the

300  C treated sample, and the total iodine content in the

double-phase sample is estimated to be �1.4 at% accordingly.

The highly iodine-decient Pb9.45(VO4)6I0.9 is a metastable

phase that results from the partial decomposition of

Pb9.84(VO4)2I1.68 and can further decompose to Pb3(VO4)2 by

release of all the iodine at higher temperatures. The complete

breakdown of Pb9.45(VO4)6I0.9 was observed when the as-milled

powders were heated at 550  C for 1 hour.

3.4 Micro-chemical composition variation upon thermal

annealing and iodine connement

Connement of iodine is critical for the immobilization of long-

lived iodine in a stable matrix because of its highly volatility.

Quantitative analysis of EDX spectra of the as-milled and

thermally-treated materials was performed in order to deter-

mine the correlation amongmicrochemical composition, phase

transformation, I-loss and thermal annealing, in order to

establish the mechanism of the phase decomposition of

I-apatite at elevated temperature as a result of I-volatilization.

Table 1 summarizes the elemental analysis of P, V, O and I for

the ball-milled samples before and aer thermal treatment by

an EDX attached with a TEM. The iodine connement in the

synthesized powdered samples and upon thermal annealing

was compared with that of ideal stoichiometric composition

and iodine decient iodoapatite determined by Rietveld

renement.

Fig. 6 Refinement fitting of the XRD patterns of 200  C, 300  C and

400  C treated iodoapatite, with blue lines representing the fit curves,

red lines are the XRD patterns, gray lines are the fit to the data, and the

tick marks show peak positions for the refined phases.
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Quantitative EDS analysis indicates that iodine is well

conned in the fully-crystalline iodoapatite at a low thermal

annealing temperature of 200  C and no iodine loss is observed.

The iodine contents are �4.2 at% and 4.1 at% for the 10 h as-

milled and 200  C thermally-treated powders, respectively.

This iodine content is consistent with the chemical formula

Pb9.85(VO4)6I1.7 (�4.1 at%) as dened by the Rietveld renement

and is also similar to that previously reported by Audubert

et al.13 The iodine atomic percentage decreases slightly to �3.6

at% for the 300  C thermally-treated sample, consistent with the

chemical formula of Pb9.84(VO4)6I1.68. These results highlight a

very effective approach of high energy ball milling in

synthesizing I-bearing apatite and great iodine connement. No

signicant I-loss occurs during ball milling due to the low

temperature solid state reaction and post thermal annealing at

a relatively-low temperature. Majority of iodine can be incor-

porated in the single phase apatite, which is of particular

signicance for the connement of long-lived iodine.

A drastic reduction of iodine content occurs at higher

annealing temperatures with a reduction of iodine level from

�3.6 at% in the 300  C treated sample to �1.1 at% aer the 400
 C thermal treatment. Such a reduced iodine content at 400  C

indicates the loss of iodine due to the decomposition of the

iodoapatite structure to lead vanadate Pb3(VO4)2, consistent

with the XRD data. The decomposition of iodoapatite observed

at 400  C releases the highly volatile free iodine, of which the

low boiling point of iodine (184.3  C) and strong tendency of

sublimation can lead to I2 gas release.

TGA was utilized to investigate the decomposition and

iodine loss of the iodoapatite at elevated temperatures. The TGA

curves in Fig. 8a showed the weight changes of the 10 h and 20

Table 2 Refined structural parameter of iodoapatite after 200  C and 300  C heat treatment

Atom Site x y z Occupancy

200  C treated a ¼ 10.4486 Å c ¼ 7.4782 Å Pb1 4f 1/3 2/3 0.0064 0.9828

Pb2 12i 0.0090 0.2673 0.2743 0.4934

V 6h 0.3815 0.4030 1/4 1

O1 6h 0.4532 0.3347 1/4 1
O2 6h 0.4610 0.5599 1/4 1

O3 12i 0.2524 0.3344 0.0627 0.5

O4 12i 0.3239 0.4901 0.0823 0.5

I 12i 0.0331 0.0465 0.00047 0.1424

300  C treated a ¼ 10.4627 Å c ¼ 7.4773 Å Pb1 4f 1/3 2/3 0.0066 0.9587

Pb2 12i 0.0049 0.2665 0.2762 0.5
V 6h 0.3886 0.4048 1/4 1

O1 6h 0.4918 0.3362 1/4 1

O2 6h 0.4854 0.6118 1/4 1

O3 12i 0.2299 0.3501 0.1776 0.5
O4 12i 0.3212 0.3813 0.0497 0.5

I 12i 0.2394 0.03233 0.0006 0.1419

Table 3 Refined key bond lengths of iodoapatite after 200  C and 300
 C heat treatment

200  C treated 300  C treated

Bond Length (Å) Bond Length (Å)

Pb1–O1 2.886 Pb1–O1 2.591

Pb1–O1 2.886 Pb1–O1 2.591
Pb1–O1 2.886 Pb1–O1 2.591

Pb1–O2 2.861 Pb1–O2 2.730

Pb1–O2 2.861 Pb1–O2 2.730

Pb1–O2 2.861 Pb1–O2 2.730
Pb1–O3 3.177 Pb1–O3 2.955

Pb1–O3 3.177 Pb1–O3 2.955

Pb1–O3 3.177 Pb1–O3 2.955

Pb2–O1 3.159 Pb2–O1 3.159
Pb2–O2 2.512 Pb2–O2 2.257

Pb2–O3 2.330 Pb2–O3 2.090

Pb2–O3 2.670 Pb2–O3 2.189
Pb2–O4 3.120 Pb2–O4 2.316

Pb2–O4 3.174 Pb2–O4 2.668

Pb2–I 2.7898 Pb2–I 3.054

Pb2–I 2.925 Pb2–I 2.985
V–O1 1.782 V–O1 1.567

V–O2 1.802 V–O2 1.877

V–O3 1.631 V–O3 1.558

Fig. 7 View of the Pb9.85(VO4)6I1.7 crystal structure showing the I

atoms in the V–O and Pb1–O polyhedral channel.

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 38718–38725 | 38723
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milled powder samples in a temperature range from 25 to

510  C. Both samples were generally stable up to �330  C in air

with no signicant weight change. A close-up TGA spectrum is

shown in Fig. 8b, in which different stages of crystallization and

phase decomposition can be clearly identied. Particularly, the

onset of weight loss began at �330  C, followed by a steep edge

at �380  C that extends and saturates aerward to 500  C. The

total loss of weight was �7.6 wt% for both samples, close to the

weight percentage of iodine (�7.3 wt%) in the Pb9.85(VO4)6I1.70
and Pb9.84(VO4)6I1.68 iodoapatite structures. Therefore, we

conclude that the decomposition and iodine loss for the HEBM

synthesized iodoapatite occur mainly between 330 and 500  C,

and the phase decomposition and the release of gaseous I2
account for most of the weight loss.

The subsequent annealing process at a low temperature

200  C greatly improves the thermal stability and increases the

phase decomposition temperature due to the high crystalline

feature and noticeable grain coarsening. The on-set tempera-

ture for iodine loss increases to 400  C and no signicant weight

loss (only �1 wt%) was observed above 500  C for the loosely-

packed powders (as shown in Fig. 8c) upon 200  C thermally

treatment. Complete iodine loss (�7 wt%) occurs at the

temperature above 600  C. As compared with Fig. 8a, no mois-

ture absorption is found in Fig. 8c because the signicant grain

growth upon thermal annealing dramatically reduced the

specic surface area of the iodoapatite sample and hence the

moisture absorption.

3.5 Impact and signicance of HEBM process for iodine

immobilization

The HEBM synthesis of high-iodine iodoapatite demonstrated

in this study features a facile one-step solid state reaction at low

temperature (�50  C) with a high iodine loading. The as-milled

sample in the form of amorphous-dominated matrix can readily

be crystallized at temperatures as low as 200  C without any

iodine loss. This simple and efficient synthesis approach allows

large scale processing iodine-bearing waste forms for the

immobilization of long lived ssion product I-129.

The low temperature solid state reaction by HEBM and

subsequent low temperature annealing offer distinct advan-

tages for developing durable waste forms for effective

connement of volatile radionuclides. Previous methods, e.g.,

500–700  C for conventional hot pressing and �500  C for

microwave heating,1,3,12,15 inevitably require heating the samples

to relatively high temperatures, leading to signicant phase

decomposition and iodine release.14 In such cases, the chemical

processing system must be conned, such as with sealed

containers or embedding the reactants in an orthovanado-

phosphate matrix.1,3,15 In contrast, high-loading of iodine can

be achieved for the single phase iodoapatite by the facile, low-

temperature approach by HEBM.

It is worth noting that the our HEBM synthesized iodoapatite

exhibits improved thermal stability as compared with the

previously reported high temperature sintered iodoapatite,

which begins to decompose to lead ortho-vanadate Pb3(VO4)2 at

only 270  C and completely loses its iodine at above 407  C.14

Although a higher mass loss temperature of 500  C was reported

for the iodoapatite prepared by microwave dielectric heating, it

is noted that dense iodoapatite pellets with 10% of Pb3(VO4)2
buffer phase was used for TGA testing in that study,12 rather

than the loosely packed nano-sized powders as the current

Fig. 8 TGA curves of ball-milled samples: (a) as-milled iodoapatite

samples, with the black line showing the 10 h milled sample and the

red line showing the 20 h milled sample; (b) a close-up of the TGA

curves of (a); and (c) crystalline iodoapatite powders upon 10 h ball

milling and thermal treated at 200  C for 1 h. Significant enhancement

in the thermal stability and phase decomposition temperature are

identified. A high iodine loading (�7 wt%) was observed in the ther-

mally annealed samples.

38724 | RSC Adv., 2014, 4, 38718–38725 This journal is © The Royal Society of Chemistry 2014
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work. The thermal stability improvement for HEBM synthesized

iodoapatite may be due to the low reaction temperature

(�50  C) during the ball milling process as compared with the

500–700  C temperature for the various heating techniques as

previously reported.3,12 At such a low temperature, thermal

decomposition and destabilization of the iodoapatite can be

greatly mitigated, resulting in enhanced thermal stability of the

powdered samples with a complete iodine loss above 500  C. In

addition, the subsequent annealing process at low temperature

200  C will further improve the thermal stability due to the high

crystalline feature and noticeable grain coarsening. No signi-

cant weight loss (only �1 wt%) was observed above 500  C for

the loosely-packed powders (as shown in Fig. 8c) upon 200  C

thermally treatment and complete iodine loss occurs at 600  C.

For consolidation of iodoapatite into durable waste forms,

very rapid heating techniques such as spark plasma sintering

(SPS) and microwave heating11,12 will be particularly useful in

order to minimize iodine release associated with the densi-

cation. The nano-scale features and surface activation upon

mechanical attrition of HEBM will greatly improve the sinter-

ability and reactivity of the ball-milled powders, benecial for

the densication and consolidation process. The improved

sinterability and reactivity of the ball milled samples were

already demonstrated by the enhanced kinetics for rapid

recrystallization and grain growth at temperature (200  C), far

below the decomposition temperature of iodoapatite. Using

ball-milled powders and spark plasma sintering, we have

fabricated fully dense iodoapatite ceramic pellets at tempera-

tures of 700  C within a very short duration (e.g., several

minutes) with greatly-improved thermal stability and iodine

connement, as compared with previously-fabricated iodoapa-

tite pellets by SPS or microwaving sintering.11,12 The study on

rapid consolidation of iodoapatite will be reported elsewhere.22

4. Conclusions

In summary, we report a novel low temperature solid-state

approach of synthesizing iodine-bearing apatite by high-

energy ball milling combining with low temperature post

thermal annealing. In contrast to previously reported synthesis

methods which required heating at elevated temperature, the

HEBM approach is a facile and one-step solid reaction at low

temperature driven by mechanical attrition such that the iodine

loss occurring at elevated temperatures can be greatly miti-

gated. The as-milled samples exist in the form of nanocrystals

embedded in an amorphous matrix, and the crystals can be

readily recrystallized into a pure, single-phase iodoapatite at

200  C. As compared to iodoapatite obtained by conventional

methods, the ball-milled iodoapatite has a lower crystallization

temperature, improved thermal stability, a higher decomposi-

tion temperature and excellent iodine connement. The

successful development of this new approach opens up the

opportunity for synthesizing a wide range of different iodine-

bearing apatite compositions as stable waste forms for the

immobilization and safe disposal of long-lived, radiotoxic

ssion product I-129.
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A B S T R A C T

The capture and sequestration of iodine-129 (129I), a long-lived byproduct of nuclear fission,

is essential to the implementation of advanced nuclear fuel cycles and effective nuclear

waste management. Current state-of-the-art technologies inherently require silver to bind

iodine, e.g., silver-loaded silica aerogels or silver-loaded zeolite (AgZ), which are very expen-

sive and an environmental concern. It is highly desirable to develop alternative cost-

effective adsorbents for iodine capture and sequestration. Herein, we report graphene-

based nanomaterials including graphene powder and graphene aerogel as novel iodine sor-

bents showing exceptional adsorption capability and kinetics. By measuring iodine sorp-

tion capacities and uptake rates in an I2(g) saturated environment, graphene sorbents

display impressive iodine sorption capacities with powdered samples achieving mass gains

in excess of 85 mass%, and aerogels exceeding 100% mass gains. A direct correlation among

specific surface area, defect concentration, and maximum sorption capacity has been

established, and the sorption kinetics of the graphene for iodine capture was determined.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Iodine-129 (I129), a long-lived (1.6 · 107 year half-life) radionu-

clide, is of significant concern to the implementation of spent

nuclear fuel reprocessing [1]. This can be attributed to the

environmental mobility and biological affinity of iodine,

which when combined with the radioactive nature of 129I, pre-

sents a threat to public safety due to the potential for serious

health issues [2]. Due to these concerns, the Environmental

Protection Agency (EPA) has implemented strict regulations

on the release of 129I from the reprocessing facilities, which

require an effective capture efficiency in excess of 99%

(decontamination factor > 167) [3]. This has created a demand

for iodine sorbents and waste forms which will be suitable for

use in reprocessing systems and geologic disposal [4].
The most common methods of iodine management

involve 129I2(g) being passed through silver-exchanged-zeolite

(AgZ), which due to its silver content is highly selective for

elemental iodine [5,6]. However, due to issues associated with

densification into a durable waste form, and the relatively

high cost of silver, implementation has lagged. Other sorbents

currently being investigated include Ag-functionalized silica

aerogels, and chalcogen-based aerogels, both of which have

been relatively successful for iodine capture but may be costly

to produce, either due to fabrication techniques or precursor

materials [7,8].

Graphene, the two-dimensional basal plane of graphite,

has become the focus of extensive interest for a wide range

of applications including composite materials, semiconduc-

tors, and energy storage, due to its impressive mechanical,

electrical, and thermal properties [9,10]. However, the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2015.03.070&domain=pdf
http://dx.doi.org/10.1016/j.carbon.2015.03.070
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www.sciencedirect.com
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extremely-large theoretical specific surface area (2630 m2 g�1)

for single layer graphene, in combination with its highly con-

trollable defect and functional group concentration, has gen-

erated interests for graphene as a sorbent material for gasses,

albeit primarily for potential gas detectors [11,12].

This work presents graphene-based materials including

graphene powder and aerogel as potential sorbents for 129I

in spent nuclear fuel reprocessing off-gas, and investigates

the sorption capacities of several varieties of graphene for

I2(g) in a saturated iodine environment. The synthesis and

characterization techniques for the graphene sorbents are

provided, in addition to analysis on the sorption capacity

and thermal stability of the iodine-loaded samples. The

correlation among surface area, defect concentration, and

temperature as to how they affect the sorption/desorption

interaction between graphene and elemental iodine was

determined.

The graphene-based sorbents address several key chal-

lenges associated with the capture of 129I in the reprocessing

of spent nuclear fuel. The most prominent challenge, the reli-

ance on silver in sorbent materials, presents a significant

financial hurdle facing several current technologies. The high

specific surface area of graphene-based materials enable

improvements in the maximum sorption capacity and rapid

kinetics of iodine adsorption over conventional methods

which utilize a chemical affinity for iodine as opposed to

physical adsorption of iodine. The relatively simple fabrica-

tion of graphene may also address issues associated with

some of the more highly engineered sorbent materials, which

require more complicated processes to synthesize [6–9]. Thus,

graphene-based absorbents are more cost effective for iodine

capture and sequestration.

2. Experimental section

2.1. Graphene synthesis

Graphite oxide (GO) was synthesized using a modified

Hummers method [13]. Graphite flake (10 g) was mixed with

sodium nitrate (5 g) and concentrated sulfuric acid (18 M,

230 mL). The mixture was carefully stirred in an ice bath

(0 �C), and potassium permanganate (30 g) was slowly added

to the solution to ensure that the temperature did not exceed

20 �C. The solution was then heated to 35 �C for 30 min.

Deionized water (460 mL) was added and the solution was

then heated to 98 �C for 15 min. A weak hydrogen peroxide

solution was then added (3 wt, 710 mL). A series of cen-

trifugation (3200 rpm, 5 min) with repeated deionized water,

dilute hydrochloric acid, and ethanol washing produced the

GO powder which was vacuum dried at 40 �C for 12 h.

Thermal shock graphene powder was obtained through a

thermal exfoliation process, in which GO powder (200 mg)

was loaded in an argon filled, quartz tube furnace

(GSL1100X, MTI, USA) at 1050 �C for 30 s [14]. Pristine gra-

phene powder, which demonstrated remarkably high specific

surface area and defect concentration was commercially

available and purchased from Shanghai Xinchi Energy

Technology Co. Ltd. Pristine graphene powder was annealed

to reduce the defect concentration, and in turn the specific
surface area, through the use of an electric furnace [15]. By

annealing at 3000 �C defects were completely eliminated,

resulting in a specific surface area reduction from

1272 m2 g�1 for the pristine highly defective graphene to

88.5 m2 g�1 for the defect-free graphene.

Graphene aerogels were synthesized using a hydrothermal

process in which a GO solution (3 mg/mL) was heated in an

autoclave at 120 �C for 10 h to produce a graphene hydro-

gel [16]. The hydrogel was then freeze-dried overnight to pro-

duce the final aerogel.

2.2. Iodine uptake

The graphene powders with different defect concentrations

and surface areas samples were exposed to a saturated iodine

environment through the use of a desiccator, in which solid

iodine crystals were placed in lieu of the desiccant. Iodine

uptake was determined through the change in mass of the

tested samples before and after exposure to the saturated

iodine environment. Due to the sublimation of iodine, the

chamber quickly reached a saturated state, which helped

drive the adsorption of I2(g) to reach the maximum sorption

capacity within reasonable times. Exposure to a saturated-

iodine environment allows for simple comparison of gra-

phene to other sorbent materials currently being considered

for iodine capture [17]. The iodine uptake experiment in a

saturated iodine environment was also performed on gra-

phene aerogel.

2.3. Characterization techniques

Brunauer–Emmett–Teller (BET) surface area measurements

were conducted using a Micromeritics ASAP 2000 instrument.

The microstructure of samples was observed with a field-

emission SEM on a Zeiss Supra 55. Raman spectroscopy was

carried out using a LabRAM HR800 Raman microscope using

a 532.18 nm green laser with 600 g-mm�1 grating.

Thermogravimetric analysis (TGA) was carried out with a TA

Instrument (TGA-Q50 instrument), and was utilized as a pri-

mary method for confirming the iodine uptake of the sam-

ples. TGA was also used to demonstrate the thermal

stability of the sorbent, and indicate the temperature thresh-

old for iodine desorption. XPS was conducted using a PHI 5000

Versa Probe system.

3. Results and discussion

Graphene shows great potential as an advanced absorbent

material for capturing iodine with an extremely fast adsorp-

tion kinetics, as demonstrated by the iodine uptake results

of the graphene powders (Fig. 1A). SEM images

(Fig. 1B and C) show the morphology of the graphene sheets

and the presence of adsorbed iodine on graphene. The iodine

in these images appears to adhere to the surface of the gra-

phene, forming discrete particles. The mass gain curve shows

an initial stage with a linear iodine uptake rate and very fast

adsorption kinetics, followed by a gradual increase until

reaching the maximum sorption capacity. The adsorption of

iodine on the surface of graphene is further demonstrated



Fig. 1 – Iodine capture by graphene: (A) iodine uptake curves for the investigated graphene powders at 25 �C; (B) SEM image of

the pristine highly defective graphene; (C) iodine particulates upon absorbed on the surface of pristine graphene sheets; (D)

XPS of pristine graphene before and after I2 exposure, indicating the presence of adsorbed iodine, XPS of I3d3 and I3d5 peaks

(inset). (A color version of this figure can be viewed online.)

C A R B O N 9 0 ( 2 0 1 5 ) 1 – 8 3
by XPS (Fig. 1D and the inset), in which the characteristic

peaks of iodine, I3d3, I3d5, and I4d are clearly observed at

630.8, 619.2, and 49.9 eV, respectively. Quantitative analysis

of XPS spectra reinforces the iodine uptake findings, with

iodine peaks attributed to 45% of the total mass in pristine

graphene powders after exposure. The total amount of

adsorbed iodine in pristine graphene powders after exposure

corresponds to 80% mass gain, consistent with the iodine

uptake results.

The linear uptake rate and maximum I2 sorption capacity

for graphene powders with different defect concentrations

and surface areas are tabulated in Table 1. A direct relation-

ship between specific surface area (Fig. 2A) and the elemental

iodine sorption capacity can be identified. For example, the

‘thermal shock’ graphene (400 m2 g�1) displayed a maximum

sorption capacity >65%; while the annealed graphene sample

(88 m2 g�1) displayed a maximum sorption capacity >15%. The

exceptional performance of the ‘pristine’ highly defective gra-

phene (1272 m2 g�1), with over 80% mass gain within the first

24-h and a maximum sorption capacity exceeding 85%, made

it the optimal choice for further investigation regarding the

adsorption kinetics. This demonstrates a direct relationship

between specific surface area and iodine sorption capacity

in graphene powders.

Raman spectroscopy of the samples (Fig. 2B) indicates a

direct relationship between the defect concentrations and

the specific surface areas of the samples. The pristine highly

defective graphene sample, which possessed the highest
Table 1 – Properties and iodine sorption capacities of the invest

Sample Specific surface area
(m2 g�1)

Carbon to oxygen
ratio
(C:O)

De
(ID

Annealed 88.5 44.45 0
Thermal shock 400 4.52 1.1
Pristine 1272 5.20 1.3
specific surface area, displayed the most intense D-band

(�1350 cm�1) as compared to its G-band (�1580 cm�1), with

an ID/IG ratio of 1.32, indicating the highest defect concentra-

tion of the samples measured. The thermal shock graphene

with specific surface area of 400 m2 g�1 displays a notable

D-band, indicating a significant defect concentration, with

an ID/IG ratio of 1.11; while the annealed graphene does not

display an observable D-band (ID/IG ratio of 0), indicating the

elimination of defects due to the heat treatment. The pres-

ence of a 2D-band (�2700 cm�1) in annealed graphene indi-

cates a degree of graphitization, further contributing to the

reduction in specific surface area. This demonstrates a direct

relationship between defect concentration and specific sur-

face area in graphene powders, and by extension a direct

relationship between defect concentration and iodine sorp-

tion capacity.

The pore size distribution and concentration of the gra-

phene powders (Fig. 2C) followed a similar trend as observed

between specific surface area and defect concentration, with

pores both increasing the specific surface area and acting as

adsorption sites for iodine. This is exemplified through the

disparity between the pristine and annealed graphene pow-

ders in these categories. The heat treatment effectively elimi-

nates defects and pores from the pristine graphene, resulting

in a severe loss of iodine sorption capacity.

The role of functional groups in the physisorption of

iodine on graphene powders was also investigated.

Differences in functional group concentrations on graphene
igated graphene powders.

fect concentration
/IG)

Linear uptake rate
(%/h)

Maximum I2

sorption capacity
(%)

1.2 ± 0.1 15.8 ± 1.4
1 2.2 ± 0.2 66.2 ± 0.8
2 6.8 ± 0.7 89.2 ± 2.9



Fig. 2 – Characterization of selected graphene powders. (A) BET surface area analysis (B) Raman spectroscopy (C) pore size

distribution (D) XPS. (A color version of this figure can be viewed online.)

Fig. 3 – (A) Iodine uptake of graphene aerogel as compared to graphene powder; (B) N2 adsorption desorption isotherm for

graphene aerogel; (C) SEM image of graphene aerogel porous structure, optical image of graphene aerogel (inset); and (D) Pore

size distribution of graphene aerogel. (A color version of this figure can be viewed online.)
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powders are best observed through their relative carbon and

oxygen contents (C:O ratios) obtained via XPS measurements

(Fig. 2C). No relationship was observed between oxygen func-

tional group concentration and the rate of iodine uptake or

the maximum sorption capacity of iodine, with specific sur-

face area and defects being the primary factors in both the

linear uptake rate and the maximum iodine sorption capacity

in graphene powders.
By a hydrothermal approach from GO solution, graphene

aerogel was prepared and tested as the adsorbent material

for iodine capture. Graphene aerogels have demonstrated an

improved iodine sorption capacity (>100% mass gain) as com-

pared with pristine graphene powders with a high specific

area (1272 m2 g�1), and thermal shock graphene powders

(400 m2 g�1) [18]. (See the iodine uptake curve for graphene

aerogel in Fig. 3A). BET measurement (Fig. 3B) of graphene
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aerogel also show a very high surface area up to (508 m2 g�1),

suggesting great potential of graphene aerogel as an

advanced absorbent materials. The increased iodine sorption

capacity observed in graphene aerogel despite a relatively-

lower specific surface area, as compared to pristine graphene,

is indicative of a structural factor, attributed to the pore shape

and size of the highly porous graphene aerogel (Fig. 3C).

Specifically, over 50% of the pore volume and 85% of the pore

surface area are contributed by pores under 10 nm in width

(see Fig. 3D and Supporting information). This demonstrates

while there are larger pores in the aerogel structure, they con-

tribute very little to the overall pore volume and specific sur-

face area of the bulk material. The pore profile for graphene

aerogels was best fit by a cylindrical pore non-local density

functional theory (NLDFT) equilibrium model, as opposed to

the slit pore model the graphene powder samples followed.

While surface area and defect concentration may dominate

the maximum iodine adsorption capacity and kinetics as

determined from the powder samples, the pore size and

structure may affect the iodine adsorption process as well,

in which a dedicated balance between iodine adsorption

and desorption is achieved under the saturated testing envir-

onment. The macropores of the graphene aerogel enable

rapid diffusion of the gas molecules such that large surface

area of the aerogel can be accessible. On the other hand,

the dominate mesopores less than 10 nm may help to confine

adsorbed iodine, consistent with the thermal stability testing

of the iodine-loaded samples. The unique pore structure

(meso- and micron-pores) is thought to improve not only

the maximum sorption capacity of iodine, but the thermal

stability of adsorbed iodine, while maintaining identical sorp-

tion kinetics at the initial stage as observed in graphene

powders.

We further studied the effects of temperature on iodine

uptake capacity and adsorption kinetics (see Fig. 4) of the gra-

phene powders. No significant change in the maximum

iodine uptake capacity was observed at elevated tempera-

tures (Fig. 4A); however significant increases in the sorption

rate were observed. The linear sorption rate in pristine gra-

phene powders drastically increased with temperature, with

63.6%/h observed at 70 �C, and 22.8%/h observed at 50 �C, as

compared to the 6.8%/h observed at 25 �C. The mass gain

upon iodine adsorption also saturated within 4 h at 70 �C.

While the uptake rate dramatically increased, the maximum

sorption capacity remained unchanged within the experi-

mental error. These results indicate that the effect of tem-

perature on the performance of graphene-based iodine
Fig. 4 – (A) Iodine uptake of pristine graphene at elevated temper

figure can be viewed online.)
sorbents is primarily on the sorption kinetics in which

greatly-enhanced adsorption kinetics occurs for iodine

uptake with increased temperature. By fitting the linear

iodine uptake rates to Arrhenius’ equation [19]:

k ¼ Ae�Ea=RT ð1Þ

where k is the linear sorption rate, A is the pre-exponential

factor, Ea is the activation energy, R is the universal gas con-

stant, and T is the temperature. The apparent activation

energy of iodine adsorption can be determined by plotting

ln(k) against 1/T (as shown in Fig. 4B):

ln k ¼ �Ea

R
1
T
þ ln A ð2Þ

This enables the graphical determination of the apparent

activation energy, calculated to be 70.63 kJ/mole.

Incorporating the energy release associated with iodine’s

deposition (61.1 kJ/mole) yielded a total adsorption energy

(Eads) of 131.73 kJ/mole (1.365 eV/I2). This value is in excellent

agreement with density functional theory (DFT) calculations

on the iodine–graphene system, which found the Eads to be

between 1.21 and 1.265 eV [20,21]. This also agrees with prior

work, stating the iodine–graphene interaction has an ionic

contribution, and is caused by charge transfer between the

iodine and graphene [22].

The weight gain of the iodine-loaded graphene samples

and their thermal stability were further tested by TGA

(Fig. 5). A weak bonding between the I2 molecules and the gra-

phene structure can be identified, which reinforces the

asserted physisorption of the I2 on the powders. The sharp

mass losses before 200 �C agree with prior DFT calculations

on graphene–halogen adsorption, indicating a dependence

on van der Waals forces to stabilize the system despite having

a significant ionic contribution [21]. The weight loss is consis-

tent with the iodine uptake results (Fig. 1). This may limit the

practicality of implementation of unfunctionalized graphene

powders as absorbents in waste streams below a temperature

of 200 �C for iodine capture.

The enhanced thermal stability of graphene aerogels as

demonstrated by TGA results (Fig. 5B) suggest the same

mechanisms improving the sorption capacity allow for

enhanced retention of physisorbed iodine, in which the

highly-confined meso-pores in the three-dimensional macro-

scopic graphene aerogels allows the confinement of absorbed

iodine. The most notable feature of this TGA curve is the lack

of a decisive iodine release temperature, a significant depar-

ture from the sharp mass losses before 200 �C observed in
atures (B) Arrhenius plot of I2 uptake. (A color version of this



Fig. 5 – Thermogravimetric analysis for (A) graphene powders (B) graphene aerogels. (A color version of this figure can be

viewed online.)
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powdered samples. The lack of a temperature for major

iodine release suggests another mechanism for the capture

of physisorbed iodine in graphene aerogels. The mass

decrease to 80% demonstrates a loss similar to that observed

in powders, but the gradual decrease from 200 �C to 500 �C
may demonstrate the migration of iodine contained in the

mesoporous structure; while the more significant release of

iodine occurs within the temperature range of 500–750 �C.

Upon the capture of iodine off-gas from the spent fuel pro-

cessing plant, it is of necessity to confine the iodine into dur-

able waste forms for direct deposition. At first glance, the

weak bonding observed with graphene powders and the nat-

ure of physisorption present a challenge in direct consol-

idation of the iodine-absorbed graphene into a durable

waste form material. However, the exceptional maximum

sorption capability and extremely fast kinetics present a

unique opportunity of using graphene-based materials as

absorbents for capturing iodine not only for direct consol-

idation, but as an intermediate storage medium for 129I in

spent nuclear fuel reprocessing systems. The physisorption

of the iodine potentially allows the recycling of the graphene

absorbent at relatively low temperature (<200 �C). Due to the

relatively low temperature of iodine release, it is expected

that graphene will retain its high specific surface area without

undergoing graphitization which occurs at temperatures

exceeding 600 �C. This would allow for use in other waste

forms, such as lead orthovanadophosphate – iodoapatite

ceramics, which may have precursors less suitable for spent

nuclear fuel reprocessing systems [23,24].

Another possibility is to encapsulate the iodine-loaded

graphene into a proven durable ceramic matrix such as apa-

tite [25]. While the incorporation of iodine loaded graphene

into a ceramic matrix would prove difficult for conventional

densification techniques, novel densification and consol-

idation techniques such as field-assisted sintering technolo-

gies, e.g., spark plasma sintering (SPS), may allow for iodine

incorporation into apatite ceramic matrix with minimal

iodine loss. This has been demonstrated in our previous work

related to iodine waste forms [23,26]. Iodine confinement in a

durable ceramic matrix, such as apatite, is a promising path

for this work. Recently, our group has decreased the densifica-

tion temperature of lead vanadate iodoapatite to 350 �C
highlighting the possibility of iodine retention during

the incorporation into a durable ceramic matrix. The
consolidation of the iodine-loaded graphene into the durable

apatite matrix is currently under exploration and will be

reported separately.

This work differs from the previously mentioned

approaches to 129I management in that it relies on the

physisorption of the gaseous iodine; whereas other

approaches such as silver-exchanged-zeolites, silver-func-

tionalized aerogels, and chalcogen-based aerogels utilize

chemisorption or a chemical affinity for iodine to capture
129I. Despite this lack of chemical affinity for binding with

iodine, this approach enables significant mass loadings, as

demonstrated in Table 2, up to 51 wt % in graphene aerogels,

as compared to the 32 wt % in silver-functionalized silica

aerogels, and 68 wt % demonstrated in chalcogen aerogels

[17,27]. The improvement in I2 sorption capacity demon-

strated over silver-based materials are encouraging to the

elimination of silver from iodine sorbent materials. It should

be noted that while chalcogen aerogels outperformed gra-

phene aerogels in their maximum I2 sorption capacities, the

fabrication of such materials may prove difficult for large

scale production, in addition to issues associated with consol-

idation into a durable waste form.

Due to the comparable I2 sorption capacities of the gra-

phene-based sorbents, further investigation into the capture

efficiency and associated decontamination factor (DF),

defined as the amount of iodine present upstream from the

sorbent divided by the amount divided by the amount of

iodine downstream from the sorbent, should be conducted

to determine if graphene-based sorbents are compliant with

EPA regulations regarding breakthrough efficiency and decon-

tamination factor.

Further work regarding graphene-based iodine sorbents

should consider the densification of sorbents into durable

waste forms, in addition to the performance of sorbents in

adsorption beds to meet EPA regulations regarding break-

through efficiency. Graphene aerogels are expected to per-

form well in these aspects due to their high mass loadings,

physical stability, and impressive thermal stability which

may be further enhanced when coupled with novel densifica-

tion techniques such as spark plasma sintering. This uptake

in combination with the rapid sorption kinetics makes gra-

phene-based materials promising candidates for further

iodine sorption tests including deep-bed sorption, func-

tionalization, and waste form consolidation.



Table 2 – Comparison of iodine-129 sorbent materials capacities and decontamination factors.

Sorbent material Maximum I2 content
(wt %)

Decontamination factor
(DF)

Pristine graphene powder 45 –
Graphene aerogel 51 –
SnS chalcogel 68 250–500
Ag-exchanged mordenite 17 102–105

Ag-functionalized silica aerogel 32 104
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4. Conclusion

In summary, we report graphene-based materials as novel

absorbents for iodine absorption with exceptional maximum

iodine uptake capacity and kinetics. A direct correlation

among specific surface area, defects and I2 sorption capacity

has been demonstrated through uptake experiments.

Defects in the graphene structure may act as potential bind-

ing sites for the physisorption of iodine on the surface of gra-

phene sheets. Temperature has been shown to have a direct

relationship with the iodine sorption kinetics, with increasing

temperature significantly increasing the iodine uptake rate,

while having little-to-no impact on the maximum sorption

capacity of the graphene. Due to the exceptional iodine sorp-

tion capacity demonstrated, graphene-based materials par-

ticularly graphene aerogels, are well-suited for further

development as 129I sorbents. The high iodine mass gain (over

100 wt %), improved physical stability as compared to gra-

phene powders, and the enhanced thermal stability well

above the boiling point of iodine (184.3 �C) make graphene

aerogel a promising candidate for iodine capture and seques-

tration from spent nuclear fuel reprocessing systems.
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Spark-plasma-sintered lead vanadate iodoapatite Pb9.85
(VO4)6I1.7, a promising nuclear waste form for the immobiliza-

tion of I-129, was irradiated with energetic ions, electrons, and

gamma rays, to investigate its radiation stability. In situ TEM
observation of the 1 MeV Kr2+ irradiation shows that lead van-

adate iodoapatite generally exhibits higher tolerance against ion

irradiation-induced amorphization than lead vanadate fluorapa-
tite, and the spark plasma sintering can further enhance its radi-

ation stability attributed to the enhanced crystallinity, reduced

defect concentration, and denser microstructure. The critical

amorphization dose and critical temperature for the SPS-densi-
fied iodoapatite at 700°C are determined to be 0.25 dpa at room

temperature and 230°C, respectively. No significant phase trans-

formation or microstructural damage occurred under energetic

electron and gamma irradiations. Raman spectra of gamma-ray-
irradiated iodoapatite indicate improved V–O bond order at

500 kGy dose. Generally, the spark-plasma-sintered iodoapatite

exhibits excellent radiation stability for nuclear waste form
applications. The significantly enhanced radiation stability of the

SPS-densified iodoapatite suggests that SPS holds great promise

for fabricating iodoapatite waste form with minimum iodine loss

and optimized radiation tolerance for effective management of
highly volatile I-129.

I. Introduction

THE management of radioactive wastes, particularly the
long-lived actinides such as Pu, Np, and Am, and vari-

ous types of fission products (FP) such as Cs-135, Sr-90, and
I-129, is crucial to the development of safe nuclear energy.
The volatile I-129 is a particularly troublesome FP due to its
high mobility, volatility, and extremely long half-life of
15.7 million years, which requires a specially designed waste
form for its long-term immobilization and disposal in geolog-
ical repositories. The apatite structure-type AI

4A
II
6(BO4)6X2

(AI, AII = alkali, alkaline earths, rare earths, fission prod-
ucts, or actinides, B = Si, P, V, or Cr, and X = OH, O,
or halogens) has an open-frame structure, in which six equiv-
alent BO4 tetrahedra are corner-connected to AO6 metaprism
columns to form one-dimensional tunnels that can accommo-
date large anionic species, such as iodine. Its high structural
flexibility and excellent chemical durability make it a promis-
ing host phase for the immobilization of a wide range of
radionuclides, especially the volatile I-129.1–3 Extensive
efforts have been made to effectively incorporate I-1291,4–6

and several other FPs7–9 and actinides10–15 into the apatite
structure for long-term geological disposal.

Lead vanadate iodoapatite Pb10(VO4)6I2, whose large
A- and B-site atoms of Pb and V enable high loading of
iodine anions in the tunnel, is a particularly suitable waste
form candidate for the immobilization of I-129, along with
other FPs and actinides. As a result, various experimental
methods have been adopted to fabricate iodoapatite with
purpose of improving I-129 waste management.1,4,6,16,17 Due
to the high mobility of iodine, the stability of the incorpo-
rated I-129 in the lead vanadate iodoapatite is of particular
concern because the complex thermal and radiation environ-
ment of the waste form could potentially cause the release of
I-129 to the surrounding environment. The iodine leaching
rates in iodoapatite fabricated by conventional hot-pressing
method were reported to be either higher than or comparable
to AgI glass waste form.18,19 Recently, a fabrication method
combining low-temperature high-energy ball milling (HEBM)
synthesis and spark plasma sintering (SPS) consolidation has
been reported, which significantly reduces iodine loss during
fabrication and greatly improves the thermal stability of the
iodoapatite.16,17 Specifically, as compared with previously
reported methods, the HEBM synthesis method exhibits
lower crystallization temperature, improved thermal stability,
a higher decomposition temperature, and excellent iodine
confinement for the iodoapatite.16 The SPS consolidation fur-
ther improves the thermal stability of the bulk iodoapatite,
such that the structure remains highly stable up to a high
temperature of 670°C, and the complete iodine loss does not
occur until a very high temperature of 800°C is reached.17

The apatite-based nuclear waste form can incorporate a
wide range of radionuclides including Pu-239, Am-241, Np-
237, Sr-90, Tc-99, Cs-135, Cs-137, and I-129.1,8,9,11,15 These
radionuclides decay in different modes that generate energetic
alpha-particles and alpha-recoils (in actinides), beta particles
(in most FPs), and gamma rays (in FPs like I-129 and Cs-
137), which can create complex radiation environments in
the waste form. Considering the extremely long period
required for geological disposition, the accumulation of radi-
ation damage could potentially amorphize iodoapatite,
reduce its durability and cause the release of the incorporated
radionuclides,20 particularly the volatile I-129. Therefore, the
radiation tolerance of iodoapatite must be carefully evalu-
ated. The radiation stability of various apatite compositions
has been investigated previously, including natural F-rich
apatite,21 oxyapatite,22–24 hydroxyapatite,25 and fluorapa-
tite.25–27 However, the radiation stability of the I-129-bearing
iodoapatite waste form has not been investigated. In this
work, systematic irradiation experiments on the HEBM-syn-
thesized and SPS-densified iodoapatite samples were per-
formed to simulate the radiation effects caused by alpha,
beta, and gamma decays, and the phase stability of the sam-
ples under the different radiation conditions was studied for
evaluating their long-term performance as nuclear waste
forms. The results show significantly enhanced radiation sta-
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bility in SPS-densified iodoapatite, indicating that SPS holds
great promise for optimizing the fabrication of iodoapatite
waste form with minimum iodine loss and maximized radia-
tion tolerance.

II. Experimental Procedure

(1) Sample Preparation
Iodoapatite powders were prepared using low temperature
(~50°C) HEBM-induced solid-state synthesis in a Fritsch Pul-
verisette 7 Premium Line planetary ball mill, as described in a
previous report.16 The starting powder ingredients of PbI2,
PbO, and V2O5 were ball-milled by 2-mm-sized ZrO2 balls at
500 rpm for 20 h to form iodoapatite Pb9.85(VO4)6I1.7, which
has a minor iodine deficiency and hence a slight deviation
from the ideal stoichiometry of Pb10(VO4)6I2. The as-milled
iodoapatite samples existed in the form of nanocrystals,
mostly 4–10 nm in size, embedded in an amorphous matrix.
The subsequent 1-hour heat treatment at 300°C resulted in a
significant crystallization of the amorphous matrix and grain
coarsening to 30–50 nm in size [shown in Fig. 1(a)], which
exhibits a high iodine loading (>8 wt%) and greatly improved
thermal stability, as compared with conventionally high-tem-
perature-sintered iodoapatite.1,18,19,28 This ball-milled and
heat-treated sample is denoted by BM-300C. Consolidation of
the thermally treated iodoapatite powders was achieved by
SPS with a very high heating rate of 200°C/min and a short
temperature holding time of 1 min at the maximum tempera-
ture of 700°C,17 and the consolidated sample is denoted by
SPS-700C. Such a fast heating rate and short sintering dura-
tion enable the maintenance of the chemical composition and
structure of the lead vanadate apatite without iodine loss,
which usually occurs at this high-temperature range.

(2) Irradiation Experiments
The irradiations of the iodoapatite samples were carried out
in three different ways: energetic ion irradiation, electron

irradiation, and gamma ray irradiation. Energetic 1 MeV
Kr2+ irradiation was utilized to simulate the radiation dam-
age caused by the alpha decay events of the incorporated ac-
tinides in apatite waste forms. Generally, alpha decay is the
radiation source of greatest concern, because it is responsible
for the major radiation damages in ceramic waste forms,
such as radiation-induced amorphization and phase separa-
tion that have direct impact on the retention of the incorpo-
rated radionuclides, especially the highly mobile I-129. The
1 MeV Kr2+ irradiation was conducted using the IVEM-
Tandem facility at Argonne National Laboratory, which
combines a Hitachi H-9000NAR transmission electron
microscope (TEM) with ion accelerators to allow in situ
TEM observation of the radiation damage process. The SPS-
700C sample was ground and dispersed on a carbon-coated
TEM grid, before loaded in the TEM and irradiated by
1 MeV Kr2+, and the radiation-induced phase change was
closely monitored by selected area electron diffraction
(SAED). During ion irradiations, the TEM electron beam
was intentionally turned off to minimize the electron irradia-
tion effects. The BM-300C powder sample was also irradi-
ated and monitored in the same manner for comparison. A
TEM heating stage was used for irradiations at elevated tem-
peratures, to obtain the temperature dependence of the radia-
tion-induced amorphization. The Kr2+ fluences were
converted into the universal displacive radiation damage unit
of displacements per atom (dpa) by the SRIM 2008 program
using a displacement energy (Ed) of 50 eV for all the atoms,
as previously suggested by other studies based on theoretical
calculations.24,26,29

To simulate the effects of beta decay on iodoapatite,
200 keV, electron irradiations were conducted using the
focused electron beam and monitored in the same TEM.
Gamma irradiation was conducted on the SPS-densified pel-
lets using the LINAC facility at Rensselaer Polytechnic Insti-
tute, where a gamma ray with a continuous energy spectrum
in the MeV range was generated by deceleration (Brems-
strahlung) of a 15 MeV electron beam by a metal target,

(a) (b) (c)

Fig. 1. (a) A bright-field TEM image of the nanocrystalline BM-300C; (b) SAED pattern showing the diffraction rings of the unirradiated BM-
300C; (c) SAED pattern showing the amorphous halo of the BM-300C at irradiated by 1 MeV Kr2+ to 0.25 dpa at room temperature.

(a) (b) (c) (d)

Fig. 2. A sequence of SAED patterns showing the 1 MeV Kr2+ irradiation-induced amorphization process of BM-300C at 513 K: (a)
unirradiated crystalline sample; (b) 0.50 dpa; (c) 1.00 dpa; (d) complete amorphization at 2.81 dpa.
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with doses up to 500 kGy, a level known to cause structural,
microstructural and property changes in ceramic nuclear
wastes.30–32 Ex situ X-ray diffraction (XRD) and Raman
spectroscopy were conducted on the gamma-ray-irradiated
iodoapatite samples to determine the radiation effects.

III. Results and Discussion

(1) Ion Irradiation
The highly flexible, open frame structure of apatite allows the
incorporation of not only the voluminous I-129, but also vari-
ous actinides and FPs in the structure to achieve a very high
waste loading. When actinides are incorporated, their alpha
decay events will cause damage to the apatite host phase
mainly through elastic collisions and displacements of the lat-
tice atoms. In extreme cases, under long-term alpha decay irra-
diations, the originally crystalline apatite waste form can
undergo a crystalline-to-amorphous transformation, which
may lead to increased migration and eventual release of radio-
nuclide, especially I-129. Such displacive radiation-induced
amorphization have been reported in a wide range of ceramic
waste forms like monazite,33,34 pyrochlore,35,36 garnet,37,38 and
zircon.34,39 Recent studies have revealed that the radiation tol-
erance of crystalline ceramics depends on various factors
including chemical composition,26,35 structural ordering,40

grain size,33,41 and radiation condition.22,42 The purpose of the
1 MeV Kr2+ irradiation experiments is to investigate the radi-
ation stability of the SPS-consolidated iodoapatite samples
and determine the underlying factor that contributes to the
radiation tolerance. The two iodoapatite sample types of BM-
300C and SPS-700C were irradiated at different temperatures

and the data were compared, to determine the effect of SPS on
the radiation stability of iodoapatite.

Under 1 MeV Kr2+ irradiation at room temperature, BM-
300C underwent a radiation-induced amorphization as the
irradiation dose reached a critical dose (Dc) of 0.25 dpa
(1 9 1014 ions/cm2). As shown in the SAED patterns in
Figs. 1(b) and (c), before irradiation, the SAED pattern of
BM-300C shows clear diffraction rings from the 30–50-nm-
sized nanocrystalline particles [Fig. 1(b)]; at 0.25 dpa, the dif-
fraction rings completely disappeared and the diffuse halo
appeared [Fig. 1(c)], indicating a completely amorphous
state. At elevated temperature, the BM-300C exhibits signifi-
cant defect annealing, such that the Dc increased dramatically
when the temperature exceeded 500 K (227°C). Figure 2
shows a sequence of SAED patterns taken at different irradi-
ation doses at 513 K (240°C), in which the clear diffraction
rings from the unirradiated sample [Fig. 2(a)] gradually
dimmed upon increasing dose until they were completely
replaced by the amorphous halo at a Dc of 2.81 dpa
[Figs. 2(b)–(d)], 10 times higher than that at room tempera-
ture. The temperature dependence of the critical amorphiza-
tion dose Dc as shown in Fig. 3 was fit and plotted based on
a direct-impact-model-based empirical exponential equa-
tion:39,43

Dc ¼
D0

1� exp Ea

k

� �
1
Tc
� 1

T

� �h i

where D0 is the critical amorphization dose extrapolated at
T = 0 K, Ea is the activation energy for defect annealing,
and Tc is the critical amorphization temperature. The physi-
cal meaning of Tc is the upper temperature limit for the radi-
ation-induced amorphization to occur. When the
temperature exceeds Tc, all of the defects induced by irradia-
tion can be annealed such that complete amorphization can-
not occur. Therefore, Tc can also be used to indicate the
radiation tolerance of materials, of which a lower Tc usually
implies higher defect annealing capabilities at elevated tem-
peratures and hence greater tolerance against radiation-
induced amorphization. The temperature dependence curve
of Dc for the BM-300C sample is plotted in Fig. 3, and its Tc

is determined as 515 K. This Tc is confirmed by irradiation
experiment conducted at 523 K, merely 8 K higher than the
Tc, in which no complete amorphization was observed even
at a high dose of 6.25 dpa.

The lead vanadate iodoapatite Pb9.85(VO4)6I1.7 BM-300C
exhibits significantly higher radiation tolerance than the pre-
viously reported isostructural calcium and lead vanadate flu-
orapatite (PbxCa1�x)10(VO4)6F2.

26 As a comparison, the
temperature dependence curve of Dc of calcium vanadate flu-
orapatite Ca10(VO4)6F2 is also plotted in Fig. 3, showing a
lower room temperature Dc of 0.21 dpa and a higher Tc of
603 K. As the radiation tolerance of (PbxCa1�x)10(VO4)6F2

decreases with increasing Pb content,26 it is apparent that

Fig. 3. Temperature dependence curves of Dc for SPS-700C, BM-
300C and the previously reported Ca10(VO4)6F2

26 showing a
decreasing radiation tolerance from left to right. The open diamond
on the far right side indicates that Ca10(VO4)6F2 is still crystalline at
this point.

(a) (b) (c) (d)

Fig. 4. (a) A bright TEM image of powders mechanically ground from dense SPS-700C; (b–d) sequence of SAED patterns showing the 1 MeV
Kr2+ irradiation-induced amorphization of SPS-700C at 498 K: (b) unirradiated crystalline SPS-700C, (c) SPS-700C irradiated to 0.50 dpa; (d)
complete amorphization of SPS-700C at 3.75 dpa.
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lead vanadate iodoapatite Pb9.85(VO4)6I1.7 is much more
radiation tolerant than lead vanadate fluorapatite
Pb10(VO4)6F2, and the radiation tolerance order is
Pb9.85(VO4)6I1.7 > Ca10(VO4)6F2 > Pb10(VO4)6F2. The higher
radiation tolerance of iodoapatite than fluorapatite may be
attributed to difference in energy loss upon energetic charge
particle interaction. The energy loss of the incident ions is
mainly due to two mechanisms: the ballistic effect of nuclear
energy loss or nuclear stopping power (Sn) which can cause
atomic displacements and consequently amorphization of the
irradiated crystalline ceramics, and the electronic energy loss
or electronic stopping power (Se), of which a moderate value
may benefit the defect recovery process and enhance the radi-
ation tolerance.44–46 Therefore, higher ratios of electronic-to-
nuclear stopping power (ENSP) may result in higher radia-
tion tolerance. The substitution of iodine for fluorine in the
anionic position of apatite leads to a higher ENSP (0.626 vs.
0.613) as estimated by the SRIM-2008 program, which may
explain the higher radiation stability occurred in iodoapatite.

The SPS-densification process resulted in improved crystal-
linity, dense microstructure and a significant grain growth in
iodoapatite. The grain size grew from below 10 nm in BM-
300C to hundreds of nm or microns in SPS-700C, as shown
in Fig. 4(a). SPS-700C also exhibits even higher radiation
tolerance than BM-300C. At room temperature, radiation-
induced amorphization occurred at 0.25 dpa in SPS-700C,
similar to that in BM-300C. However, at elevated tempera-
ture, the Dc of SPS-700C increases more dramatically than
BM-300C. At 498 K, SPS-700C was not completely amor-
phized until the dose reached 3.75 dpa, as evidenced by the
sequence of SAED patterns taken at different doses in
Figs. 4(b)–(d). The irradiation experiments were also carried
out at elevated temperatures to obtain a set of Dc data
points used to generate a temperature dependence curve
plotted in Fig. 3. The Tc of SPS-700C is 502 K, lower than
that of BM-300C. A comparison of the radiation response of
SPS-700C iodoapatite, BM-300C iodoapatite, Ca10(VO4)6F2,
and Pb10(VO4)6F2 is given in Fig. 3, indicating the rad-
iation stability in the order of SPS-700C > BM-300C >
Ca10(VO4)6F2 > Pb10(VO4)6F2. Further enhancement in
the radiation tolerance by SPS is likely attributed to
improved crystallinity and structural ordering in the iodo-
apatite by high-temperature sintering and SPS rapid consoli-
dation.

(2) Electron and Gamma Irradiations
The 200 keV electron beam irradiation was used to simulate
the beta decay events associated with the incorporated I-129
and other FPs. As compared to 1 MeV Kr2+, the 200 keV
electrons are much less likely to cause atomic displacement
cascades in iodoapatite, as the energy is mostly lost to elec-
tronic stopping power Se and ionization in the materials. In
some cases, the electron beam irradiation can assist the
defect recovery and even facilitate the crystallization and
grain growth of displacive-radiation-damaged materi-
als.24,33,44 In situ TEM observation confirmed that no signifi-
cant amorphization, phase change or major microstructural
damage occurred in the electron beam irradiated BM-300C
and SPS-700C TEM samples.

The effects of gamma ray emission on the iodoapatite
waste form were investigated by gamma ray irradiation of
SPS-700C to different dose levels of 50, 100, and 500 kGy.
Ex situ XRD patterns of the irradiated SPS-700C showed
very little changes even at the highest dose of 500 kGy, indi-
cating that the crystal structure of iodoapatite remained the
same. However, Raman spectroscopic analysis revealed sub-
tle changes in the chemical bonding of iodoapatite upon
gamma irradiation. Raman spectra of the original and irradi-
ated samples are shown in Fig. 5(a), in which significant
changes are found in two regions: one in the higher wave
number range 750–850 cm�1 associated with the stretching

vibration of VO4 tetrahedra [Fig. 5(b)], and the other in the
lower wave number range 300–400 cm�1 associated with the
bending of the O–V–O bond [Fig. 5(c)].47 In Fig. 5(b), the
original sample shows the strongest peak centered around
813 cm�1, which is attributed to the Ag symmetric stretching
mode of the VO4 tetrahedra. The E2g asymmetric stretching
vibrational peak at 776 cm�1 is abnormally low as compared
to those previously reported.47–49 Upon gamma irradiation,

(a)

(b)

(c)

Fig. 5. Raman spectra of the unirradiated SPS-700C and samples
irradiated with 50, 100, and 500 kGy gamma ray: (a) overall wave
number range 200–1000 cm�1; (b) higher wave number range 750–
850 cm�1; (c) lower wave number range 300–400 cm�1.
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the changes in the VO4 stretching modes remained insignifi-
cant until the dose reached 500 kGy, when the E2g asymmet-
ric stretching peak at 776 cm�1 showed a remarkable
increase in intensity by two times, and the Ag symmetric
stretching mode shifted from 813 cm�1 to a higher wave
number of 823 cm�1. By adopting the empirical method pre-
sented by Hardcastle and Wachs,50 the changes in V–O bond
length and bond strength of iodoapatite at the highest
gamma ray dose can be related to the shifting of the Ag

stretching frequency, and their values were estimated by
using the following empirical functions. The bond length R is
given in

m ¼ 21349 expð�1:9176RÞ

and the bond strength s(V–O) is given by

sðV�OÞ ¼ 0:2912 ln
21349

m

� �� 	�5:1

where m is the vibrational frequency. As the Ag stretching
mode shifted from 813 to 823 cm�1, the V–O bond length
decreased from 1.704 to 1.698 �A, and the bond strength
increased from 1.2876 to 1.3124 vu (vu is the valence unit).
As the bond strength indicates the bond order, the vibration
frequency shift implies improved iodoapatite V–O bond
order upon gamma irradiation. In the lower wave number
range in Fig. 5(c), vibrational bands at ~305, 330, and
350 cm�1 corresponding to the asymmetric O–V–O bending
vibrational modes emerged at the highest dose of 500 kGy.
All these changes in the Raman spectra point to a more
ordered bonding structure in gamma-irradiated vanadate iod-
oapatite, which suggests that high dose gamma irradiation
may improve the V–O bond order in the SPS-700C sample.

Generally, the systematic ion, electron and gamma irradia-
tions indicate excellent radiation stability of the SPS-densified
iodoapatite used as a nuclear waste form. Under displacive
1 MeV Kr2+ irradiation, iodoapatite exhibits a Tc lower than
many types of apatites,26,36 garnet,37 pyrochlores,35 and zir-
cons51 proposed as nuclear waste forms, implying great defect
annealing at elevated temperatures. Furthermore, the SPS pro-
cessing further enhances the radiation tolerance of iodoapatite
and reduces the Tc from 515 K in BM-300C to 502 K in SPS-
700C. Therefore, other than an effective consolidation and
densification technique for the fabrication of iodine-bearing
ceramic waste forms, SPS also has the advantage of improving
the radiation tolerance against alpha-decay-induced amorph-
ization. The electron irradiations show insignificant effects of
beta decay events on the phase and microstructure of iodoapa-
tite. Intense gamma irradiation dose may enhance the V–O
bond order in the SPS-densified iodoapatite, probably due to
an ionization-assisted process. Overall, the spark-plasma-sin-
tered iodoapatite is a promising waste form that can remain
stable under complex radiation conditions in the long term.

IV. Conclusions

Systematic irradiations of the SPS-densified lead vanadate
iodoapatite were conducted to investigate its radiation stabil-
ity in the presence of different radiation sources of alpha-,
beta-, and gamma decays. The experimental results generally
indicate excellent radiation stability of the iodoapatite. Under
energetic ion irradiations, the SPS-700C iodoapatite shows
enhanced tolerance against radiation-induced amorphization,
as compared with as-milled lead vanadate iodoapatite, con-
ventionally synthesized lead vanadate fluorapatite, and many
other types of ceramic waste forms. The enhanced radiation
performance for the SPS-densified iodoapatite may be attrib-
uted to the improved crystallinity and dense microstructure.
In addition, the SPS-densified pellet is also largely stable

under beta irradiation and even shows improved bond order-
ing under intense gamma rays. Owing to its radiation stabil-
ity, the SPS-densified iodoapatite holds great promise for the
immobilization and disposal of I-129.
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Materials with apatite crystal structure have a great potential for incorporating the
long-lived radioactive iodine isotope (129I) in the form of iodide (I−) from nuclear waste
streams. Because of its durability and potentially high iodine content, the apatite waste
form can reduce iodine release rate and minimize the waste volume. Crystal structure
and composition of apatite (A5(XO4)3Z) was investigated for iodide incorporation into
the channel of the structure using Artificial Neural Network. A total of 86 experimentally
determined apatite crystal structures of different compositions were compiled from
literature, and 44 of them were used to train the networks and 42 were used to test
the performance of the trained networks. The results show that the performances of the
networks are satisfactory for predictions of unit cell parameters a and c and channel size
of the structure. The trained and tested networks were then used to predict unknown
compositions of apatite that incorporates iodide. With a crystal chemistry consideration,
chemical compositions that lead to matching the size of the structural channel to the size
of iodide were then predicted to be able to incorporate iodide in the structural channel.
The calculations suggest that combinations of A site cations of Ag+, K+, Sr2+, Pb2+,
Ba2+, and Cs+, and X site cations, mostly formed tetrahedron, of Mn5+, As5+, Cr5+,
V5+, Mo5+, Si4+, Ge4+, and Re7+ are possible apatite compositions that are able to
incorporate iodide. The charge balance of different apatite compositions can be achieved
by multiple substitutions at a single site or coupled substitutions at both A and X sites.
The results give important clues for designing experiments to synthesize new apatite
compositions and also provide a fundamental understanding how iodide is incorporated
in the apatite structure. This understanding can provide important insights for apatite
waste forms design by optimizing the chemical composition and synthesis procedure.

Keywords: apatite, iodine, nuclear waste forms, fission products, crystal chemistry, Artificial Neural Network, unit

cell parameters, channel size

Introduction

Production of nuclear energy generates radioactive nuclear wastes. Depending on the fuel cycle
option, novel chemical reprocessing and transmutation strategies can result in complicated waste
streams with a number of radionuclides including heavy alkaline and alkaline earth elements,
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transition metals, minor actinides, and lanthanides. Among
volatile radionuclides, 129I is particular challenging because
iodine is highly mobile either in gas form or in its reduced form,
with a long a half-life of 1.57×107 years. In its reduced oxidation
state, i.e., I−, iodide is highly mobile in the environment because
it is stable in a wide range of redox potential and pH conditions,
and is weakly bounded to the surfaces of silicate minerals and
rocks commonly occurring in the environment. Because of these
unique properties, iodine deserves special attention for designing
durable waste forms for long-term disposal in a geological setting.

A number of waste forms have been considered for 129I.
Silver iodide (AgI), with a melting point of 558◦C, density of
5.7 g/cm3, has a very low solubility in water, with a solubility
product constant of 8.52 × 10−17 at standard condition (Lide,
2014), which suggests it could be a good candidate for long-term
storage. However, AgI itself is not a waste form, and it must
be incorporated and packaged into a dense and mechanically
durable solid waste form for long-term disposal. Its relatively
high vapor pressure at moderate temperature is an issue that
limits the thermal processing temperature (Garino et al., 2011a).
Because of its low melting point, the temperatures to reach
a vapor pressure of 1, 10, 100 Pa are 594, 686, and 803◦C
respectively (Lide, 2014). The vapor pressures are considered
high in terms of the waste processing at high temperature (often
greater than 800◦C). In addition, AgI is photosensitive, and
the ionic silver in AgI may be reduced to metallic silver upon
exposed to light. This photochemical process reduces the stability
of AgI and increases the cost and environmental risk during
the processing, transport, and disposal. Borosilicate glasses have
been the most widely adopted material at industrial scales for
the immobilization of nuclear wastes (Donald et al., 1997), but
it is not a choice for iodine because high iodine loss at the
required processing temperature (Garino et al., 2011a). In order
to use a glass waste form for iodine, low temperature sintering
glasses, which can be processed below the melting point of AgI,
are recommended. There are a number of glass waste forms
proposed for iodine in the literature including vanadium and lead
oxide glasses (Nishi et al., 1996), low temperature sintering Bi-
Si-Zn-oxide glasses (Garino et al., 2011b), Bi-P-Zn-oxide glasses
(Yang et al., 2013), AgI and Ag4P2O7 glass (Sakuragi et al.,
2008), and silver aluminophosphate glasses (Lemesle et al., 2014).
In many of those low temperature sintering glasses, AgI is
still the phase that contains iodine and the glass functions as
a matrix that encapsulates AgI. In addition to glasses, other
waste forms for iodine have also been considered, including
iodide sodalite (Sheppard et al., 2006; Maddrell et al., 2014),
hydrotalcite-like layered bismuth-iodine-oxide (Krumhansl and
Nenoff, 2011), organic frameworks (MOFs) materials (Sava et al.,
2012), cyclodextrins compounds (Szente et al., 1999), uranyl
borates (Wu et al., 2011), and apatites (Audubert et al., 1997;
Carpena et al., 2001; Uno et al., 2001; Zhang et al., 2007; Le
Gallet et al., 2010; Campayo et al., 2011; Stennett et al., 2011;
Redfern et al., 2012; Lu et al., 2013; Yao et al., 2014). Each of above
proposed waste forms for iodine has its unique advantages and
limitations that in some part depend on the disposal condition.
Since conditions and settings of a long-term geological disposal
may vary, more than one candidate waste form for iodine would

be ideal, which would provide flexibility in choosing the strategy
for a disposal of the nuclear waste.

Among ceramic waste forms for iodine, materials with apatite
structure have a number of advantageous properties including
long-term durability and structural and chemical flexibility. Its
long-term durability is demonstrated by stability of natural
apatite samples over billions of years in earth’s history (Gauthier-
Lafaye et al., 1996). Its structural and chemical flexibilities are
shown in a wide range of chemical substitutions at both a
single and different crystallographic sites, and its adaptability
of symmetries other than hexagonal symmetry (White and
ZhiLi, 2003; White et al., 2005). These flexibilities offer an
opportunity to incorporate multiple radionuclides in a single
phase ceramics. Because apatite waste forms are single phase, it
is relatively simpler to characterize its durability and to evaluate
its performance than a multiphase waste form. In addition, the
flexibility of chemical substitutions in apatite may be beneficial
for incorporating both radionuclides and their decay products.
Because its multiple crystallographic sites can be occupied by
elements with different charges, changes associated with the
valance and identity of the radioactive elements resulting from
radioactive decay of those β emitters, e.g., 137-Cs and 90-Sr,
could be potentially offset by a charge transfer between the
sites and structural distortions within the same phase. This
charge transfer and structural distortion, preferably local within a
couple of bond distance, would prevent likely phase transition or
decomposition due to radioactive decay without compromising
the integrity of the phase. For 129-I, the isotope β decays to 129-
Xe. The emitted electron could be captured by a variable valance
metal ion in the structure and the 129-Xe could remain in the
structure as a defect or diffuse away as a gas molecule. Thus,
apatite-structured phases may be tolerant against or has potential
to mitigate the aging effect of radionuclides from a process so-
called radioparagenesis (Jiang et al., 2009, 2010), a structural
and chemical transformation process resulting from radioactive
decay of radionuclides in a solid phase.

Natural mineral apatite has a chemical composition of
Ca5(PO4)3(OH, F, Cl) (Naray-Szabo, 1930; Pan and Fleet, 2002;
White et al., 2005; Pasero et al., 2010). Apatite is also one
of few minerals produced and used by biological systems.
Hydroxyleapatite is the major mineral component of tooth
and bone (Wopenka and Pasteris, 2005). The extended apatite
subgroup describes minerals with the same crystal structure as
apatite but with different compositions by chemical substitutions.
There are a large collection of synthetic materials with apatite
structure. In this paper, apatite-structured material, or simply
apatite, is used for materials having apatite structure. The general
formula for apatite-structuredmaterials is A5(XO4)3Z, often with
hexagonal P63/m symmetry (space group number 176). Apatite
could also adapt symmetries of P63, P-3, P-6, P21/m, and P21
while keeping the same structural topology (White and ZhiLi,
2003). The crystal structure is depicted in Figure 1. The A cation
occupies two crystallographic sites Ca(I) and Ca(II). The molar
ratio Ca(I)/Ca(II) is 2:3. The A cation can be substituted by a
number of cations including Na+, K+, Cs+, Mg2+, Ca2+, Ba2+,
Sr2+, Cd 2+, Pb2+, Fe2+, Fe3+, REE3+, and Ac4+ (REE: rare
earth elements, Ac: actinides). For Ca5(PO4)3F, Ca(I) site has
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FIGURE 1 | Apatite structure, project on to the (001) plane. The thin
dashed blue lines highlight the unit cell. Red ball are oxygen, light blue
polyhedrons are Ca(I) cations, the light blue balls are Ca(II) cations, the green
balls are channel anions, the purple tetrahedrons are X site cations. The thin
light blue lines highlight bonds.

a coordination number of six at Ca(I)-O distance of 2.5 Å and
nine at 2.8 Å, and Ca(II) site has a coordination number of
six at Ca(I)-O/F distance of 2.5 Å and seven at 2.7 Å (Hughes
et al., 1989; White and ZhiLi, 2003). The X cation often forms
a tetrahedron with four oxygen atoms and can be substituted by
P5+, Si4+, S6+, V5+, Cr5+, As5+, Mn5+, Ge4+. In some cases,
the tetrahedron anion group can replaced by non-tetrahedron
anions such as ReO3−

5 (Baud et al., 1979) and BO3−
3 (Campayo

et al., 2011). The Z anion in the structural channel can be
substituted by OH−, F−, Cl−, Br, I−, O2−, CO2−

3 , and IO−

3 . The
chemical substitutions are often coupled between multiple sites.
For instance, Ca2+ substitution by RE3+ at Ca(I)/Ca(II) site is
coupled with tetrahedron cation substitution of PO3−

4 by SiO4−
4

(e.g., Ca2+ + PO3−
4 = RE3+ + SiO4−

4 ). This kind of coupled
substitutions involving multiple crystallographic sites is common
for apatite and gives apatite-structured materials a unique
property that can lead to simultaneous incorporations of multiple
radionuclides. For instance, Sr8CsNd(PO4)6F2.3, including both
Sr and Cs in its structure, was synthesized by a precipitation
reaction method (Burakov, 2005). In addition to be used as a
host material for storage of nuclear wastes (Audubert et al., 1997;
Carpena et al., 2001; Ewing, 2001; Uno et al., 2001; Carpena and
Lacout, 2005; Kim et al., 2005; Zhang et al., 2007; Le Gallet et al.,
2010; Campayo et al., 2011; Stennett et al., 2011; Redfern et al.,
2012; Lu et al., 2013), apatite materials have a number of other
applications including bone tissues (Vallet-Regi and Gonzalez-
Calbet, 2004), ionic conductors (Arikawa et al., 2000; Kharton
et al., 2004), fertilizer (Easterwood et al., 1989), and fission track
dating of geological record (Gallagher, 1995; Gallagher et al.,
1998). For nuclear waste applications, apatite has be suggested
for storage of a number of nuclear wastes including I, Cs, Sr, rare
earth elements, and actinides (e.g., U, Th) (Rakovan and Hughes,
2000; Ewing, 2001; Pan and Fleet, 2002; Rakovan et al., 2002; Luo
et al., 2009). For iodine incorporation, a lead vanado-iodoapatite
Pb10(VO4)6I2, a synthetic apatite inspired by a chemically

similar natural apatite, lead vanado-chlorapatite (mineral name
vanadinite) Pb10(VO4)6Cl2, was prepared from Pb3(VO4)2 and
PbI2 in stoichiometric amounts using hot-pressing method at a
temperature above the melting temperature of PbI2 (Audubert
et al., 1997). Later, lead vanado-iodoapatite was also synthesized
by a microwave dielectric heating method using a modified
domestic microwave (Stennett et al., 2011). AgPb9(VO4)6I and
AgBa9(VO4)6I were synthesized using a solid state reaction
method starting with stoichiometric amounts of Pb3(VO4)2 and
AgI, and Ba3(VO4)2 and AgI in a sealed quartz vessels in
vacuum and heat-treated at 973K for 5 h (Uno et al., 2004).
Since mineral mimetite (Pb5(AsO4)3Cl) has a similar chemical
composition as vanadinite, its iodide form, Pb5(AsO4)3I, may
also be synthesized. Recently, iodate (IO−

3 ) was incorporated in
hydroxyapaptite structure by precipitation in water (Campayo
et al., 2011). High-temperature breakdown of the synthetic
Pb5(VO4)3I was characterized and the apatite was observed
to be stable until temperature reaches as high as 540◦C. A
new development of synthesizing iodide-apatite was to combine
high energy ball milling and Sparking plasma Sintering (SPS)
to synthesize a single phase, almost stoichiometric Pb5(VO4)3I
apatite at low temperature with minimum iodine loss (Yao
et al., 2014). Excellent radiation resistant and thermal recovery
properties were reported for vanadate-phosphate fluorapatite (Lu
et al., 2013), silicate-apatite structures (Weber et al., 2012a,b), and
actinide-bearing apatites (Weber et al., 1997). A low iodine leach
rate of 0.0025 g/m2/day was reported for synthetic Pb5(VO4)3I
apatite at pH 6 and 90◦C (Stennett et al., 2011).

As these studies show, apatite has a great potential for storage
of a number of radioactive nuclear waste elements because
of its long-term durability and irradiation stability. Although
materials with apatite structure show excellent properties for
various radionuclides, these properties may vary with their
chemical compositions. In order to optimize the nuclear waste
performance, there is a need to explore the chemical and physical
properties and durability of different apatite compositions.
However, the chemical substitutions occur at all sites in apatite
(i.e., A, X, and Z sites of A5(XO4)3Z) and each of these sites
can be occupied by a number of elements. The possible apatite
compositions could easily reach an unmanageable number only
for the end-members. Even for iodide apatite where the iodide
is the only Z anion, there are over a hundred possible end-
member compositions. It is expected that not all of them
are thermodynamically stable and are suitable as waste forms.
Experimentally, trying all the combinations would be not only
expensive but also time consuming. Thus, it is necessary to
be selective by ruling out those that do not meet some basic
requirements of the structure and crystal chemistry of apatite.
For iodide incorporation in the structural channel, size of the
channel in the apatite structure has to fit the size of iodide
ion. Currently, only a few iodide apatite compositions have
been synthesized experimentally (Audubert et al., 1997; Uno
et al., 2004; Campayo et al., 2011; Stennett et al., 2011; Yao
et al., 2014). In order to explore other possible compositions,
all combinations of elements from the periodic table that meet a
basic consideration of the crystal structure and chemical formula
should be considered. One of efficient methods to explore a large
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number of apatite compositions is Artificial Neural Network
(ANN). The method has been previously used to predict the
crystallographic cell parameters (Wu et al., 2004; Kockan and
Evis, 2010; Kockan et al., 2014) and hardness and fracture
toughness (Evis and Arcaklioglu, 2011) of apatite using the
average ionic radii of ions at different crystallographic sites. The
method has also been used for other crystalline phases (Asadi-
Eydivand et al., 2014).

Purpose of this study is to apply Artificial Neural Network
method for apatite to predict the size of the structural channel
and unknown iodide apatite compositions. By including electron
negativity as an additional input parameter in addition to ionic
radius, the accuracy of predicted channel size is improved. The
simulations provide an understanding of crystal chemistry of
apatite and explore unknown apatite with iodide as the channel
anion. The results demonstrate that Artificial Neural Network
simulation is an effective tool to explore large number of apatite
chemical compositions and can be used to predict unknown
apatite chemical compositions.

Method—Artificial Neural Networks
Simulation

Artificial Neural Network (ANN) approach is inspired from
biological neuron assemblies and their way of encoding and
solving problems. The philosophy of the approach is to abstract
some key ingredients from biology and out of those to construct
simple mathematical models. The network consists of an input
layer, one or more hidden layers, and an output layer. First,
the input data are passed to the input layer with a weight and
a bias, and then the results are passed to the neurons in the
hidden layers and processed by a training function, and finally
the data are passed to the output neuron. There are weighting
factors between the neurons of each layer. The predicted output
results are compared with actual results, which are used to
adjust the weights and biases till the difference between predicted
and actual results reaches a predefined criterion (Zhang and
Friedrich, 2003). For function approximation, in order to deduce
the relationship between the input and the output, a neural
network is first trained using a given set of input-output data
(typically through supervised learning). After training, such a
network can be used as a trained network with an input-output
characteristic approximately equal to the relationship of the
training problems. Because of the modular and non-linear nature
of Artificial Neural Networks, they are considered to be able
to approximate any arbitrary function to an arbitrary degree of
accuracy, which is particularly useful for non-linear relations.
Typically, available data are divided to two subsets, training set
and testing set. Validation is needed to calculate the error after
each epoch (one cycle of training data). The testing dataset is
used to check the ability of the network to predict new data at
the end of the training process before the network can be used
for predictions (Zhang and Friedrich, 2003; Samarasinghe, 2006;
Lucon and Donovan, 2007).

In this study, the available data were divided roughly to
half and half, and the training dataset was strategically selected
in order to cover the end members of available chemical

compositions and some important solid solutions of apatite.
A multilayer perception model with supervised learning and
batch training was used. A single hidden layer with different
numbers of processing units and various learning methods were
tested in order to achieve the best network performance and
prediction reliability. In the hidden layer, there are a number
of commonly used non-linear activation functions. And in this
study, hyperbolic tangent sigmoid transfer function was used.
The backpropagation algorithm was used. A linear function was
used for the output layer. The sigmoid function has a number
of advantages for the transfer function in the hidden layer. Its
continuity makes it differentiable and minimization of the mean-
square error with respect to the weighted sums can be used to
adjust the weights of the network during the backpropagation
of errors. It has upper and lower bounds, which means even
if the inputs are very large, the outputs will never reach large
values. Non-linearity makes the functions a natural choice for
complex non-linear correlations between inputs and outputs
(Samarasinghe, 2006).

The Artificial Neural Network toolbox from Matlab program
package was used (The MathWorks, 2011; Demuth and Beale,
2013). A number of training functions have been tried.
Levenberg-Marquardt backpropagation is a network training
function that updates weight and bias values according to
Levenberg-Marquardt optimization. It is often the fastest
backpropagation algorithm in the toolbox, and was tested
first. Other algorithms tested include resilient backpropagation,
BFGS quasi-Newton backpropagation, and Bayesian regulation
backpropagation among other algorithms. Using mean-square
error with respect to weight and bias as the performance
function, the Bayesian regulation backpropagation has the
best performance. Bayesian regularization minimizes a linear
combination of squared errors and weights. It also modifies the
linear combination so that at the end of training, the resulting
network has good generalization qualities.

Results and Discussion

Crystallographic Data Set of Apatite-Structured
Materials
In order for ANNs to predict properties of unknown apatite
of various chemical compositions, a dataset, including
chemical composition and crystal structure, of known apatite
compositions has to be constructed. The dataset is based on a
large number of publications in the open literature and crystal
structure databases about apatite. For the iodide incorporation,
the channel size is important since the iodide radius is large,
2.2 Å (Shannon, 1976). In order for iodide to be incorporated
in the structural channel, the channel size has to be compatible
with the size of the ion. Since the coordinates of Ca(II) site in the
crystal structure is needed to calculate the channel size, crystal
structure information, i.e., chemical composition, occupancies
and coordinates of the sites, are needed for the construction of
the dataset.

A dataset of 86 apatite compositions was compiled from
inorganic crystal structure database (ICSD) and the literature
(Wu et al., 2004; ICSD, 2010; Kockan and Evis, 2010), listed in

Frontiers in Earth Science | www.frontiersin.org 4 June 2015 | Volume 3 | Article 20

http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive


Wang Incorporation iodine into apatite structure

Supplementary Table 1. The average ion radius is calculated based
on the chemical formula and is molar fraction weight-averaged.
Because the interaction between the channel anion and Ca(II) site
cation in apatite structure is mainly ionic, ionic radii for A and
Z ions are used. Ionic radii of all the elements in the periodic
table have been compiled in the literature (Shannon, 1976;
Henderson, 2000). Ionic radius depends on the coordination
number, which in turn is dependent on cutoff bond distance.
For apatite, coordination numbers of Ca(I) and Ca(II) sites in
Ca5(PO4)3F are 6 at 2.5 Å, or 9 and 7 at 2.8 Å respectively. For
this study, two A cation sites are not distinguished. For the
consistency between the two sites and across different apatite
compositions, coordination number of 6 was used for the ionic
radius of A cation when choosing the ionic radius values from the
literature. For X site, crystal radius was used, largely because the X
cation has a strong covalent bond with oxygen and coordination
number is 4 in most of the cases. However, the use of crystal
radius should not make difference in ANN simulations because
crystal radius differs from ionic radius by a constant of 0.14Å
(Shannon, 1976). The coordination number of the channel Z
anion depends on the location of the channel ion, and it is 3 if
the ion is positioned in the same (001) plane of the Ca(II) or 6 if
in the plane of the Ca(I). Some channel anions can have multiple
occupies positioned in a range between the two planes, which are
largely dependent on the relative size of the channel anion with
respect to the channel size and interactions between the channel
anion and Ca(II) cations. For consistency, coordination number
of 6 was used for ionic radius parameter of the channel anion.
In the previous ANNs studies of apatite (Wu et al., 2004; Kockan
and Evis, 2010), ionic radius with a coordination number of 6 was
used for the tetrahedron-forming cations, which is not consistent
with the structure and coordination of the cations. In the present
study, the size of ions was based on the actual coordination
and bonding character of the concerned ions, resulting in better
overall predictions of the cell parameters. In addition to ionic
radius, electronegativity was used as an input parameter because
it is important for defining chemical bonding character between
the atoms, which in turn affects both the unit cell parameters
and channel size. Electronegativity was not used previously in
predicting the unit cell parameters (Wu et al., 2004; Kockan
and Evis, 2010). We will show in the next section that using
electronegativity as an additional input improves the accuracies
of the predictions of the channel size and the unit cell parameters.
Electron configuration, valence electron, electron localization
and delocalization, and electron spin state are all important when
considering chemical bonding. However, since these properties
are already largely reflected in ionic radius and electronegativity,
they are not considered in the present study.

Artificial Neural Network Simulations
The dataset from experimental crystal structure data is divided
to two, one for training the networks (i.e., the first 44 apatites in
Supplementary Table 1) and one for testing the networks (i.e., the
rest, 42 apatites). The training dataset includes the end members
of apatite compositions and some of the solid solutions, and the
rest of them are included in the testing dataset. This strategy

allows the ANNs to be well trained for the predictions of apatite
compositions.

Figure 2 illustrates the ANN method used to simulate the
cell parameters and channel size of apatite. There are six input
parameters, average radius and average electronegativity for each
of the three cation sites. There is a hidden layer with four neurons
and an output layer. The output has one parameter. The ANN
simulations were carried out separately for unit cell parameters
a, c, and channel size.

Using Bayesian regularization (BR) algorithm, the training
simulation runs until the algorithm is converged, which
is indicated by the convergence of the effective number
of simulation parameters, maximum MU (a parameter for
controlling convergence algorithms), convergence of the
summed square error, and sum squared parameter. For unit
cell parameter a, the simulation took 130 epochs, and the sum
of squared errors (SSE) was converged to 0.0613. The effective
number of parameters was found to be 21, and the sum squared
parameter was converged to 7.08. These results indicate the BR
method successfully minimized the error function and a higher
generalization was achieved. Similar results were obtained for
unit cell parameter c and channel size.

The performance of the ANNs is judged by the errors and
the error distributions between predicted and target experimental
values. It can be evaluated by the coefficient (i.e., R) of a linear
regression between predicted and target experimental values.
In contrast to previously studies (Wu et al., 2004; Kockan and
Evis, 2010), electronegativity was used as an input in the present
study for each of the ions in the ANNs. The results show
that, by including the electronegativity, with the same settings
of the ANN simulations, the R values are increased by 1.2,
1.3, and 8.8% for the testing set of cell parameters a, c, and
channel size respectively, suggesting that the performance of the
ANNs is improved over without using electronegativity as an
input parameter. This improvement is especially true for the
prediction of the channel size, which is more sensitive to the
electronegativity of the atoms.

Prediction of Unit Cell Parameters
For unit cell parameter a, the ANN simulation result is shown in
Figure 3 and listed in Supplementary Table 1. The dashed-lines
are perfect prediction lines and solid lines are linear regression
lines. The fitting coefficient R values of the linear regression

FIGURE 2 | The Artificial Neural Network used for the predictions of

apatite compositions and structure parameters. There are six input
parameters and one output parameter, one output layer, and one hidden layer.
There are 4 neurons used in the hidden layer for the networks.
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FIGURE 3 | The results of Artificial Neural Network simulations of

unit cell parameter a. The upper figures show the correlations between
predicted and actual values. The bottom figures show the error
distributions around the vertical red bars of zero error. The dashed lines

correspond to Y = T when the predicted and actual are the same. The
solid lines correspond to linear fitting with a fitting coefficient of R. Open
circles are experimental data. (A,B) are the result of training, (C,D) are of
testing, and (E,F) are of the total.

between the predicted and actual value are 0.997, 0.966, and
0.983 for the training, testing, and overall ANN simulations
respectively. The average error between the predicted and actual
value is 0.22%, 0.65%, and 0.43% for training, testing and overall
dataset respectively. Themaximum error is 1.05% for the training
dataset and 2.23% for the testing dataset. For unit cell parameter
c, results are shown in Figure 4 and also listed in Supplementary
Table 1. The coefficient R values are 0.998, 0.977, and 0.989 for
the training, testing, and overall ANN simulations respectively.
The average errors are 0.20%, 0.67%, and 0.43% for training,
testing and overall dataset respectively. The maximum error is
1.35% for the training dataset and 2.29% for the testing. As
shown by the error distributions in Figures 3, 4, the errors for
the predictions of a and c are distributed around the averages
normally, except a couple of exceptions. These results suggest that
the trained and tested ANNs are satisfactory for predicting the
apatite cell parameters a and c of unknown apatite compositions.
The results are similar to previous studies using average ionic
radii at different sites (i.e., A, X, Z of A5(XO4)3Z) to predict the
crystallographic unit cell parameters (Wu et al., 2004; Kockan
and Evis, 2010).

Figure 5 illustrates how a trained and tested ANN is used for
predicting unit cell parameter a of unknown apatite compositions
with iodide in the channel of the structure. As shown, for any
given average radii of A and X site cations, the cell parameter a (or
c) can be predicted by reading into the figure. Since the A and X
cations are unknown, their electronegativities have to be assumed
(i.e., 2.33 and 1.63 for A and X respectively), which will need to be
adjusted for an actual composition. For instance, for A site radius

of 1.2 Å and X site radius of 0.4, the predicted a cell parameter
is ∼10.17Å. For an actual prediction, compositions have to be
given and average radii and electronegativities at all sites will
need to be calculated and supplied to the trained and tested ANN.
This approach is applicable to any apatite compositions with or
without iodide in the channel. Giving the flexibility of apatite
structure, there is a large number of cations that can occupy A
and X cites. Similar figures like Figure 5 can be generated from
ANN simulations to show predictions of the cell parameters as a
function of the cation radius.

Although trained and tested ANNs could take any chemical
compositions for predicting properties of the apatite, constraints
exist as not any combinations of elements at A, X, and Z sites
are possible apatite compositions. First, any substitutions at one
site or coupled substitutions at multiple sites are constrained
by charge balance. For the Z anion, in addition to F, OH, Cl,
Br, I, O and vacancy are also possible, and poly-oxyanion are
also possible but rare. For the A cation, the valance can deviate
from +2 to +1, +3 and +4, indicating a great flexibility of the
site incorporating various charged species. For the X cation, in
addition to tetrahedral forming cations, cations that can form
pyramidal polyhedron like ReO3−

5 (Baud et al., 1979) and trigonal
pyramidal iodate IO−

3 are also possible in the tetrahedral site
(Campayo et al., 2011).

Prediction of Channel Size of Apatite Structure
for Iodide Incorporation
For iodide apatite, the channel size of the structure has to be large
enough to incorporate iodide ion. For instance, the synthetic
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FIGURE 4 | The results of Artificial Neural Network simulations of

unit cell parameter c. The upper figures show the correlations between
predicted and actual values. The bottom figures show the error
distributions around the vertical red bars of zero error. The dashed lines

correspond to Y = T when the predicted and actual are the same. The
solid lines correspond to linear fitting with a fitting coefficient of R. Open
circles are experimental data. (A,B) are the result of training, (C,D) are of
testing, and (E,F) are of the total.

iodide apatite (i.e., Pb5(VO4)3I) has relatively large ion Pb2+ in
the Ca(I)/Ca(II) sites and VO4 in the tetrahedron site, leading to
a large channel size (Audubert et al., 1997). The success of the
synthesis is largely inspired by a natural mineral, vanadinite -
Pb5(VO4)3Cl, a structurally inflated apatite. The hypothesis is
that apatite compositions resulting in the size of the structural
channel matching with the size of iodide ion are mostly possible
chemical compositions for incorporating iodide. This hypothesis
is based on an observation that large channel hosts large anions
and small channel hosts small anions. Figure 6 shows such a
correlation between the channel size (predicted and actual) and
different anions for a collection of apatites. As shown, the ionic
radii of I, Br, Cl, OH, and F are correlated with their respective
channel sizes in the apatite structure. If the channel is too small
for a given composition, iodide ion would not able to fit in. Thus,
the ability to predict the channel size is necessary for predicting
unknown iodide apatite compositions.

The ANN simulation for the channel size was carried out
similarly to those of the lattice parameters. The channel size is
defined as the radius of the largest sphere held in the channel
defined by Ca(II) site cations. The training and testing results of
the ANN for prediction of channel size are shown in Figure 7.
As shown, the ANN is well trained with the R values of 0.981,
0.901, and 0.945 for the training, testing and overall respectively.
The average errors are 0.75%, 1.45%, and 1.10% for training,
testing and overall dataset respectively. The maximum error is
4.10% for the training dataset and 6.29% for the testing. The
error distributions are mostly distributed around the averages
normally. Although the testing dataset is challenging, extreme
outliers are rare. Only two cases are predicted with over 4% off

FIGURE 5 | An Artificial Neural Network for the prediction of unit cell

parameter a. The figure is color coded with red color for high value and blue
color for small value. For any given average radii of A and X site cations, the
cell parameter a can be predicted by just reading the value at the surface of
predicted cell parameter a.

the experimental values. These results suggest that the trained
and tested ANN is satisfactory and can be used to predict the
channel size for unknown chemical compositions with iodide in
the channel.

To illustrate how to use the trained and tested ANN, Figure 8
shows a prediction of possible iodide apatite compositions. The
optimal radius of the channel should match the combined radius
of iodide ion and Ca(II) site cation. For the ionic radius of iodide
2.20Å and 3.5% flexibility of the structure and error of the ANN
prediction, which is set to approximately the maximum error
excluding the two extreme cases out of 86 cases, the possible
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iodide chemical compositions are those that their X and A site
cation average radii fall within the pink curves at X-A plane
in Figure 8. The corresponding channel size falls at the surface
within the pink curves. As it is projected on to the radius-X
and radius-A plane, the region between the pink lines is possible
average X andA site cations. Thus, possible A site cations include:
Ag+, Sr2+, Pb2+, K2+, Ba2+, and Cs2+ and possible X site

FIGURE 6 | Correlation between the channel size and ionic radius of

the channel anion. The open circles are actual experimental data. The
horizontal bars correspond to the range of channel size of experimental
determined crystal structures. The dashed line corresponds to when predicted
and actual values are equal.

cations include Si4+, Mn5+, As5+, Cr5+, V5+, Re7+, Ge4+, and
Mo5+, which are mainly tetrahedron forming cations. Therefore,
combinations of A site = Sr2+, Pb2+, Cd2+, Ba2+ of 2+ charged
cations with ionic radius larger than or close to 1.2 Å, and X
site = V5+, As5+, Cr5+, and Mo5+ of 5+ charged tetrahedral
anion may provide suitable channel size for iodide. In addition, if
Si and Ge form the X site tetrahedrons, 3+ charge cations are
needed for charge balance at A site. Rare earth cations of the
first few elements such as La with ionic radius close or larger

FIGURE 8 | Prediction of unknown apatite compositions with iodide ion

in the structural channel. The region between pink lines is possible average
radii of A and X cations. The two pink lines define channel size that fits iodide
in the structure, which is calculated based on ionic radius of iodide 2.20Å and
3.5% error prediction. The region is also both projected on to the radius –A
and radius-X plane and on to the surface of predicted channel size.

FIGURE 7 | The results of Artificial Neural Network simulations of

the channel size. The upper figures show the correlations between
predicted and actual values. The bottom figures show the error
distributions around the vertical red bars of zero error. The dashed lines

correspond to Y = T when the predicted and actual are the same. The
solid lines correspond to linear fitting with a fitting coefficient of R. Open
circles are experimental data. (A,B) are the result of training, (C,D) are of
testing, and (E,F) are of the total.
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than 1.2 Å are considered. It is also possible that 1+ charged
cations such as Ag+, Cs+, K+ at A site should be able to be
incorporated in the apatite structure by coupled substitutions in
one or more sites with higher charged ions. Indeed, Ag-Pb-V-I
apatite was synthesized using a solid state reaction method (Uno
et al., 2004) with the topology of the apatite structure but with
a monoclinic symmetry, which is not unusual for apatite group
materials (White and ZhiLi, 2003).

Concluding Remarks

Artificial Neural Network simulations of apatite show that the
unit cell parameters and the detail of crystal structure (i.e.,
channel size) can be predicted from its chemical compositions.
The results lead to a prediction of a number of possible
apatite compositions with iodide incorporated in the structure.
Although it is yet to see the accuracy of the prediction, the
results provide important clues for designing experiments to
synthesize new apatite compositions. It needs to be mentioned
that the Artificial Neural Network simulations only consider
crystallographic information and doesn’t explicitly predict
thermodynamics stability of the predicted compositions. The
purpose of the simulations is to narrow down potential apatite
chemical compositions from over hundreds of possibilities.
These small groups of compositions are expected to be
manageable by experiments. In order to further narrow down
the list using a computational approach, thermodynamic
stability of the predicted chemical compositions will need to
be estimated by, for instance, first-principles thermodynamics
calculations.

The ability to predict the properties of apatite structure
using Artificial Neural Network is originated from the fact that
there is a strong correlation, although non-linear, between the
structure and chemical composition of apatite. In addition, a
large structural and compositional database of apatite allows
adequate training and testing of the Artificial Neural Networks
before predictions can be made. The availability of a large
database stems from the facts that there is a wide range
of applications of apatite structured materials, and structural
and compositional flexibilities of apatite structure, which are
demonstrated from the fact that the apatite structure can even
be deviated from hexagonal symmetry while maintaining the
topology of apatite structure. However, such flexibilities, both

structural and compositional, are not unique to apatite structure.
Many natural minerals with potential interests to nuclear waste
forms have structural and compositional flexibilities similar
to apatite, such as powellite related minerals—scheelite and
fergusonite ABO4 (A = Ca, Pb, Ba, Y, La, Ce, Nd, B = Mo, W,
Nb, Ti), hollandite AB8O16 (A = Cs, Sr, Ba, Rb, B = Al, Ti, Fe,
Mn), crichtonite (Ca, Sr, La, Ce, Y) (Ti, Fe, Mn)21O38, murataite
(Y, Na)6(Zn, Fe)5(Ti, Nb)12O29(O, F)14, to name a few. It is
expected that the approach of using Artificial Neural Network
to predict possible compositions of apatite of incorporating
iodide could also be useful for the understanding of the
relationship between chemical composition and crystal structure
of other crystalline phases including those aforementioned
for incorporating various fission products. For non-crystalline
materials such as glass nuclear waste form, the structure is often
defined at short and intermediate ranges. The local structure
surrounding incorporated radionuclides is expected to vary with
the composition of the glass as well as the waste composition
and level of waste loading. Such variations of the local structure,
mostly defined by coordination, bond distances and angles of
the glass structural units, suggest structural flexibility of the
glasses. The relationship between the structure and incorporated
radionuclides in the glasses could then be modeled using similar
approaches like Artificial Neural Network as for crystalline
phases. This kind of modeling, although often challenging for
glasses, is practical for crystalline phases and is imperative to the
understanding of the composition-structure-property relation.
The results could provide important insights for nuclear waste
forms design by optimizing the chemical composition and
properties for optimal performance for various nuclear waste
elements.
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Pb9.85(VO4)6I1.7, a potential waste form for long-lived I-129

immobilization, experiences phase decomposition and thus

iodine loss at an elevated temperature above 400°C, presenting
a significant challenge for effective management of radioactive
iodine. In this work, we report low-temperature consolidation

of dense iodoapatite pellets with above 95% theoretical density

by spark plasma sintering (SPS) at temperatures as low as
350°C for 20 min without iodine loss. Microstructure analysis

indicates a nanocrystalline ceramic with an average grain size

less than 100 nm. Grain growth dominates the sintered

microstructure at higher temperatures and longer durations.
The dense nanoceramics have significantly-improved fracture

toughness as compared with bulk coarsened grain structures.

The effects of sintering temperatures (350°C, 400°C, 500°C,
and 700°C) and durations (0–20 min) on microstructure, den-
sity, fracture morphology, and mechanical properties including

Young’s modulus and hardness of bulk samples were investi-

gated. Low temperature densified iodoapatites suggest immense
potential of SPS as an advanced materials fabrication technol-

ogy for the development of waste forms for immobilization of

volatile radionuclides including radioactive iodine.

I. Introduction

RADIOACTIVE iodine isotope I-129, as a byproduct of ura-
nium fission with a long half-life of 15.7 million years,

has significant environmental and health impacts on meta-
bolic process of human beings. Fukushima nuclear accident
led to a significant amount of I-129 discharged into North
Pacific sea.1 Capture of iodine off-gas resulting from repro-
cessing of spent nuclear fuels and consolidation into durable
waste forms are critical for the safe deposition of radioactive
iodine.

Current waste form reference technology based on
borosilicate glass is not suitable for iodine incorporation as
glass formation and vitrification typically occur from ele-
vated temperatures much higher than the melting tempera-
ture of iodide (e.g., 558°C for AgI and 400°C for PbI2).
Novel waste forms, such as glass-AgI composite,2 iodine-
bearing glass,3 metal-organic frameworks,4 are proposed to
capture and confine I2 gas into durable waste forms. Pure
ceramic waste forms, based on iodoapatite
[Pb9.85(VO4)6I1.7],

5 are also proposed for immobilization of
I-129 due to their high geological and chemical durability,6

thermal stability,7 and extreme high rate of iodine loading
(~7.3 wt%, estimated form chemical formula).8,9 However,
powder fabrication and consolidation of iodoapatite into

durable waste forms are challenging. Thermal calcination
that transforms constituent oxides and iodide to iodoapatite
was triggered at 700°C,10,11 above the decomposition tem-
perature of iodoapatite. Therefore, a buffer layer was
designed to prevent iodine release during fabrication. Reac-
tive microwave sintering allows sintering of iodoapatite
within several minutes and thus iodine loss is minimized;12

however, the sintered sample exhibits porous microstruc-
tures; and minor relics of unreacted PbI2.

Spark plasma sintering (SPS), a field-assisted sintering
technology, allows sintering and densification of materials at
much reduced temperatures and shorter durations than con-
ventional sintering techniques.13 Its application in nuclear
industry, such as fabrication of accident tolerance fuels,14

oxide-dispersion strengthened steel alloys,15 and nuclear
waste forms16 is emerging. It has advantages of preserving
fine grain structure and sustaining microstructure integrity
due to the fast volumetric heating technique involved.

Both reactive SPS from co-milled Pb3(VO4)1.6(PO4)0.4 with
PbI2 powders and non-reactive SPS from iodoapatite pow-
ders were adopted to prepare ceramic waste forms.17 How-
ever, molten PbI2 and abnormal grain growth were observed.
An advanced powder fabrication method based on high-en-
ergy ball milling (HEBM), is developed to fabricate iodoap-
atite powders in our previous study.18 Encouraged by the
extremely fast heating rate (200°C/min) of SPS, we attempted
700°C sintering from HEBMed powder and obtained dense
sample (>96% TD); however, submicrometer voids exist,
indicating slight decomposition of iodoapatite and iodine
release. Very recently, Pb10(VO4)6I2 powder was fabricated
by dry ball milling and subsequently densified by hot press-
ing at 400°C.19 Reactive SPS using Pb3(VO4)1.6(PO4)0.4 and
PbI2 as reactants was also studied and an optimized sintering
temperature was identified to be 450°C.20

Potential ceramic waste form materials should also have
desired mechanical properties to retain their structural integ-
rity and improve performance. However, apatite ceramics are
typically brittle. For instance, hydroxyapatite (HA) has a rel-
atively low fracture toughness (~0.58 MPa�m1/2)21 varies with
sintering temperature and grain size.22 Ca9Nd(PO4)5(SiO4)F2

has a fracture toughness of 0.75 MPa�m1/2,23 similar to
hydroxyapatite. Different approaches, including doping,24

compositing,21,25 and microstructure control,26 have been uti-
lized to improve fracture toughness of apatite. For example,
MgO-doped dense hydroxyapatite shows a greatly improved
fracture toughness of 1.48 MPa�m1/2 because of enhanced
crack deflection by nanoscale grain size.24 Limited mechani-
cal properties data are available for dense iodoapatite, and
the only literature data for Pb10(VO4)6I2 is an elastic modu-
lus and hardness of 26 and 4.3 GPa, respectively10 for sam-
ple with 82.3% TD prepared by high-pressure sintering at
500°C for 5 h.

This study presents the consolidation of HEBMed iodoap-
atite powders into dense pellets by SPS at temperatures as
low as 350°C. The effects of different temperatures and dura-
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tions on microstructure, sintering characteristics, and
mechanical properties are explored. Dense (~97% TD) pure
nanocrystalline iodoapatite samples with greatly enhanced
fracture toughness were successfully fabricated at 350°C for
20 min under a pressure of 60 MPa. Effects of microstruc-
ture features on mechanical properties of sintered samples
were also discussed.

II. Experimental Details

(1) Powder Fabrication by Solid-State Reaction
The iodoapatite powders were synthesized by a solid-state
reaction at room temperature, in which the constituent oxides
were processed by HEBM ((Fritsch, Pulverisette 7, Idar-
Oberst, Germany). Specifically, 10 g of constituent powders
of PbI2 (99% purity; ACROS, Fair Lawn, NJ), V2O5 (98%
purity; Sigma-Aldrich, St. Louis, MO), and PbO (99.9% pur-
ity; Alfa Aesar, Ward Hill, MA) according to stoichiometric
Pb10(VO4)6I2 were mixed with 100 g ZrO2 balls (2 mm) in an
80 mL vial. To facilitate particle break down and the chemi-
cal reaction, 10 mL of ethanol was added. Wet HEBM could
also reduce volatility of produced powders through particle
agglomeration in solution. Real-time monitor of HEBM
showed the highest temperature within the vial approached
50°C at the end of HEBM. Amorphous particle matrix with
5–10 nm crystalline clusters was obtained after 10 h milling at
a speed of 500 rpm with 10 min on and 5 min off.18 Obtained
slurry was dried in fume hood overnight before thermal
annealing at 200°C for 1 h prior to consequent consolidation.
Thermal stability of annealed powder samples was character-
ized by thermogravimetric analysis (TGA; Q50, TA instru-
ments, Inc. DE) in nitrogen atmosphere.

(2) Spark Plasma Sintering Processing
For each sintering, 1.5 g iodoapatite powders were loaded
into a graphite die with an inner diameter of 14.75 mm. SPS
(SPS 10-3; Thermal Technology, Santa Rosa, CA) consolida-
tion was conducted at various temperatures between 300°C–
700°C using a pulse cycle of 25 ms on and 3 ms off in helium
atmosphere. Control temperature was monitored using a K-
type thermal couple placed 2 mm beneath the powder sample
within the graphite punch. Temperature increasing rate was
fixed at 50°C per minute. A preloaded pressure of 3 MPa
was increased linearly to 60 MPa with temperatures for all
the sintering. After sintering, pressure was hold until the
sample cool down with furnace to room temperature. Den-
sity of the sintered samples was measured according to
Archimedes principle using deionized water as immersing
media at room temperature.

(3) Structural Characterizations
Sectioned samples of the sintered samples were polished
down using sand papers and final polishing was conducted
by 0.3 lm alumina paste. To clearly reveal grain boundary,
the polished samples were thermally etched at temperature
100°C lower than their sintering temperature for 0.5 h. Both
thermal etched and fracture surfaces were analyzed using
Carl Zeiss Supra55 scanning electron microscopy (SEM;
Jena, Germany). Phase composition of the sintered samples
was probed by XRD (PANalytical, Westborough, MA) using
CuKa (k = 1.5406 �A) as the incident beam with a scanning
step of 0.05° and a rate of 2 s per step.

(4) Mechanical Properties Measurement
The elastic modulus and hardness of the sintered samples
were measured using Hysitron Triboindenter (Hysitron Inc.
Minneapolis, MN) with a 100 nm Berkovich pyramidal tip.
Before measurement, tip-area was calibrated using a standard
fused quartz. Indentation was performed on the surface

polished by 0.3 lm alumina slurry with loading and unload-
ing rates of 10 and a 3 s holding at the peak load of
500 mN. Oliver-Pharr model27 was applied to calculate elas-
tic modulus from the unloading curves. Hardness was also
measured by nanoindentation.

Vickers microhardness indentation technique was utilized
to estimate the fracture toughness of sintered samples. To
produce well defined cracks, a 1 kg loading was applied on
the mechanically-polished surface with 15 s holding time at
the peak loading. Post indentation measurement was con-
ducted right after using a Zeiss Microscopy. Indentation
fracture toughness values were estimated using the following
equation:28

KIC ¼ 0:016
E

H

� �0:5
P

C1:5

� �

where KIC is estimated fracture toughness. E and H are the
obtained elastic modulus and hardness from nanoindenta-
tion, respectively; P is applied loading during indentation;
and C is measured crack length from center of indent.

III. Results and Discussion

(1) Densification and Grain Coarsening of Iodoapatite
Samples
In a previous work,7 iodine-bearing apatite powders
[Pb9.85(VO4)6I1.7] fabricated by dry HEBM and thermal
annealing were consolidated into a bulk sample form at
700°C for 1 min with a density as high as 95.9% TD. How-
ever, this temperature is too high for iodoapatite to be stable
as evidenced by submicrometer-sized pores even in samples
sintered at this temperature without holding (Fig. 1). Those
holes distribute on the facet-like transgranular fracture sur-
face. Because the sintering temperature is too high, bubbles
may form by phase decomposition during sintering. During
cooling, those holes become the origin of cracks that break
the sintered samples. Such a potential iodine release may
require extra ventilation systems for radioactive I-129 pro-
cessing. Therefore, one of the target for this study is to
explore sintering conditions without iodine release.

Figure 2(a) shows the starting iodoapatite powders with
an average grain size of 33 � 4 nm (determined by manual
measurements over more than 100 grains) synthesized by wet
HEBM and subsequent thermal annealing at 200°C for 1 h.

Fig. 1. Cross-sectional transgranular fracture surface with
submicrometer pores in iodoapatite samples sintered at 700°C
without holding under pressure of 40 MPa from powders fabricated
by dry HEBM and subsequent thermal annealing at 200°C for 1 h.

3734 Journal of the American Ceramic Society—Yao et al. Vol. 98, No. 12



TGA analysis18 indicated that the onset of significant weight
loss is about 400°C. This temperature is relatively lower than
that of sintered samples by microwave sintering (500°C)12

and hot-pressed lead vanadate iodine apatite (520°C)19 possi-
bly due to large free surface area of loosen powders. Pow-
dered sample after TGA test from room temperature to
800°C was characterized to be Pb3(VO4)2 [Fig. 2(b)], indicat-
ing phase decomposition of starting iodoapatite powders at
elevated temperature to Pb3(VO4)2 and PbI2. PbI2 has a
melting point of 402°C,10 and may exist as yellowish gaseous
or solid forms, depending on temperatures. Accompanying
the phase decomposition, a color change of powder samples
was observed from dark yellow [inset in Fig. 2(a)] to yellow-
ish [inset in Fig. 2(b)].

To eliminate the potential release of volatile iodine, con-
solidation of iodoapatite should be conducted at tempera-
tures not higher than 400°C based on aforementioned TGA
results. Therefore, SPS was conducted at a low temperature
range of 300°C–400°C with the holding time from 0 to
20 min (Fig. 3). For comparison, higher temperature sinter-
ing at 500°C and 700°C was also attempted without holding
to study effects of temperatures on powder densification and
properties. Detailed sintering conditions, density and grain
size, are presented in Table I and on the densification map
[Fig. 3(c)].

Sample density increases with temperatures from 300°C
(68.3% � 3.7% TD) to 325°C (81.1% � 2.0% TD) and fur-
ther to 350°C (96.4% � 1.5% TD) [Fig. 3(c)]. Despite the
significant increase in density, the nanocrystalline grain size
remained unchanged with respect to temperature. The
increase in density with temperature indicates that densifica-

tion dominates the sintering process while grain size remains
relatively unchanged.

Samples sintered at 400°C for 5 min are pure iodoapatite
[Pb9.85(VO4)6I1.7] as suggested by the XRD pattern
[Fig. 3(a)]). Samples sintered at 400°C for 20 min possess
the highest density of 97.7% TD. Compared with samples
sintered at 400°C for 5 min, there is an indistinguishable
increase of density and an appreciable grain growth from
157 � 33 nm to 220 � 122 nm. In this case, grain growth
dominates the sintering process at 400°C following densi-
fication after prolonged sintering time (e.g., after 5 min
holding).

At higher temperature (above 400°C), a small reduction of
density was observed with increase of sintering temperatures
from 500°C to 700°C (Table I). However, grain size increases

Fig. 2. (a) Nanosized lead vanadate iodoapatite powders fabricated by wet HEBM and subsequent thermal annealing at 200°C for 1 h (dark
yellow powders in a glass vial); (b) After TGA experiment from room temperature to 800°C, debris (yellowish powders as shown in a plastic tub)
were characterized by XRD to be Pb3(VO4)2 phase mainly.

Table I. Summary of Sintering Conditions and Physical
Properties of the SPS-densified Iodoapatite

Sample ID

Sintering

temperature

(�C)
Sintering

time (min) Density (TD)

Grain

size (nm)

300-20 300 20 68.3 � 3.8 71.8 � 13.5
325-20 325 20 81.1 � 2.0 67.5 � 9.6
350-0 350 0 82.5 � 1.4 73.5 � 7.9
350-20 350 20 96.4 � 1.6 87.8 � 25.1
400-5 400 5 97.5 � 0.7 157.4 � 33.4
400-20 400 20 97.7 � 0.4 220 � 121.5
500-0 500 0 96.8 � 1.8 224.0 � 61.0
700-0 700 0 96.0 � 1.4 477.5 � 315.0

(a) (c)(b)

Fig. 3. (a) A XRD pattern for the 400-5 sample with picture inseted at upright corner where US penny is also presented as size reference;
thickness is ~1 mm; (b) thermally etched surface of 500-0 sample; (c) a densification map for sintering conditions summarized in Table I.
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dramatically, especially for 700-0 samples [Fig. 3(c)]. Yellow
deposition on graphite spacers were also observed after sin-
tering from phase decomposition and release of iodine
through gaps of graphite tooling, and solidified on surface of
cooler graphite spacers. However, nondetectable deposition
on chamber face was found, suggesting the degree of phase
decomposition is minor.

In a brief summary, densification dominates the sintering
processes at temperature not higher than 400°C for the stud-
ied sintering time span (0–20 min). At higher sintering tem-
peratures, grain growth dominates. Above 400°C,
accompanying abnormal grain growth, a phase decomposi-
tion happened during sintering, and thus density of the sin-
tered body is slightly decreased. These results indicate that
by fine controlling SPS process, the densification and grain
growth can be well separated, allowing the control of
microstructure to obtain nanocrystalline ceramics.

(2) Microstructure Evolution and Fracture Morphology of
the Sintered Samples
Cross section fracture surfaces of the samples sintered at low
temperatures (300°C–350°C) and higher temperatures (400°C,
500°C, and 700°C) are presented in Figs. 4 and 5. Large
open pores surrounding grain agglomerates as well as small
closed pores are visible in the sample sintered at 300°C for
20 min [Fig. 4(a)], consistent with its low density (less than
70%) and suggesting minimal densification upon sintering.
These large open pores inhibit grain boundary migration and
thus grain growth. Also, small closed holes located at the tri-
junction points of grains help to pin grain boundary migra-
tion.29 Similar microstructure features are observed for sam-
ples sintered at 325°C for 20 min [Fig. 4(b)]. However, much
denser microstructure was observed in the sample sintered at
350°C for 20 min [Figs. 4(c) and (d)]. Although large-sized
open pores were completely eliminated, closed pores of tens
nanometers embedded into a nanocrystalline matrix can still
be observed on fracture surfaces. A mixture of inter- and
trans-granular fracture models [Fig. 4(d)] suggests the
strength of certain grain interior is superior to that of grain

boundary, and the latter becomes preferred crack propaga-
tion path.

When temperature is increased to 400°C for 5 min
[Fig. 5(a)], sintering renders a finer microstructure than that
of the sample sintered at 20 min at the same temperature
[Fig. 5(b)]. A slightly abnormal grain growth is indicated by
the coexistence of 50 and 200 nm grains in samples sintered
for 20 min [Fig. 5(b)]. Fracture surface is dominated by
inter-granular fracture model, underlining that grain bound-
ary weakens with increasing of sintering temperatures.

Increasing temperatures further to 500°C [Figs. 5(c) and
(d)], intergranular fracture surface was decorated by nanome-
ter secondary phase particle. This secondary phase cannot be
detected by XRD probably due to its limited quantity. How-
ever, based on the phase decomposition products of iodoap-
atite powders, those nanoparticles should be solidified PbI2
or lead vanadium oxide. During sintering, when temperature
is higher than 400°C, iodoapatite powders begin to decom-
pose. PbI2 was melted and can be released due to its rela-
tively low melting point of 402°C. After bulk sample was
cooled to temperature lower than 402°C, retained liquid
phase within bulk sample begins to solidify and agglomerates
to nanoparticle clusters.

Continue increasing sintering temperatures to 700°C
[Figs. 5(e) and (f)] results in an appreciable abnormal grain
growth with severely elongated prismatic grains embedded
into a fine matrix, leading to a bimodal grain size distribu-
tion. Although the bimodal grain size microstructure is well-
known for its capability to improve fracture toughness by
deflecting cracks at fine grains,30 long cracks [inset of
Fig. 5(e)] still stretch tens of micrometers and can be easily
observed in sintered pellet. Agglomerates of solidified lead
iodide on grain boundaries indicate phase decomposition
during sintering and degradation of iodine retention capabil-
ity. Also, those agglomerates on grain boundary may also
alter apatite performance under leaching condition.

In sum, sintering at elevated temperatures (500°C and
700°C) is not favorable for the development of apatite waste
form for iodine immobilization due to possible phase decom-
position, micro-crack generated, and potential release of

(a)
(b)

(c) (d)

Fig. 4. Cross-sectional fracture surfaces for 300-20 (a), 325-20 (b), and 350-20 samples [(c) and (d)].
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iodine containing phase (PbI2). The extremely fast heating/
cooling rates of SPS process mitigates the possible phase
decomposition and gas release, allowing densification of
HEBMed nanopowders at 350°C.

(3) Mechanical Properties
Mechanical properties of the sintered iodoapatite ceramic are
substantially affected by microstructure features, especially
densities and grain sizes. Those two factors are interdepen-
dent when grain coarsens with elimination of pores. Both
Young’s modulus and hardness increase with increased den-
sity exponentially. Additionally, for ceramics experiencing
phase decomposition at elevated temperatures, decomposing
phase could degrade mechanical properties. For example,
HA samples sintered from nanopowders peaks its density at
1200°C but decreases at 1300°C due to phase decomposition;
the newly formed secondary calcium phosphate phase and
water vapor are responsible for the decreased hardness.31

In this study, phase decomposition in sintered pellets at
500°C and 700°C evidenced by observed secondary phases
[Figs. 5(d) and (f)] and microcracks [inset of Fig. 5(e)] nega-
tively impact mechanical integrity. The measured elastic
modulus and hardness [Fig. 6(a)] of the single phase iodoap-
atite samples decreases sharply with decrease of density fol-
lowing the sequence of 400-20, 400-5, and 350-20 samples.

For 700-0 sample, much lower elastic modulus and hardness
are observed, mainly caused by the detrimental effects from
secondary phase and micro-cracks. The elastic modulus and
hardness are similar to those of hot pressing samples sintered
at 500°C for 5 h with a density of 82.3% TD.10 However,
single phase iodoapatite samples sintered at lower tempera-
ture by SPS have much higher density and thus greater
mechanical properties than the hot pressing samples. SPS is
more effective of densifying HEBMed iodoapatite powders
into dense pellets at low temperature without phase decom-
position but extraordinary mechanical properties.

The well-known Hall–Petch relationship as observed in
hydroxyapatite26,32,33 is not clearly identified for the iodoap-
atite samples in this study. Hardness first increases with lar-
ger grain sizes till 220 nm, followed by the reduction of
hardness [Fig. 6(b)]. This tendency is consistent with change
of sample density and a previous study34 which shows the
hardness of HA samples increases with sample density. These
results suggest that porosity and phase purity governs the
elastic and plastic behaviors of consolidated iodoapatite sam-
ples upon indentation, and thus hardness. The Hall–Petch
effect may apply only to fully densified ceramic samples when
the effect of porosity is diminished.

Apatite ceramics are typically brittle with low fracture
toughness and thus are less resistant to crack propagation.
As a potential nuclear waste form, apatite structure with

(a) (b)

(c) (d)

(e) (f)

Fig. 5. Cross-sectional fracture surfaces for 400-5 (a), 400-20 (b), 500-0 [(c) and (d)], and 700-0 [(e) and (f)].

December 2015 Iodoapatite for Nuclear Waste 3737



higher fracture toughness would be a favorable property to
maintain structural integrity. To investigate the variation of
fracture toughness with sintering parameters, cracks are
introduced by an indentation technique [Fig. 7(a)]. Indents
are made on the surface plane perpendicular to the applied
mechanical pressure on the sintered sample. Fracture pat-
terns of the low-temperature sintered samples display inter-
granular fracture characters as shown in Fig. 7(b). Crack tips
are harnessed by grain boundaries [Fig. 7(c)] as the fracture
energy progressively consumed by crack propagating and is
not sufficient to break bonding energy between adjacent
grain boundaries.

Fracture toughness estimated based on the indentation as
a function of grain size is shown in Fig. 7(d). No noticeable
difference in the fracture toughness (~0.3–0.35 MPa�m1/2)
was observed for the sintered samples with grain size above
150 nm. Significant improvement in the fracture toughness as
high as 0.5 MPa�m1/2 occurs for the nanostructured iodoap-
atite ceramics synthesized at 350°C for 20 min with a grain
size of ~88 nm. This result is similar to the trend for hydrox-
yapatite,26 in which grain size has a profound effect on
toughness only when grain size is smaller than 140 nm, and
the highest fracture toughness is 1.06 MPa�m1/2 achieved at a

grain size of 67 nm.26 Particularly, grain-boundary affected
zones were used to explain the extensive crack deflection and
thus the enhancement of fracture toughness for hydroxyap-
atite with the grain size less than 100 nm. The significantly-
enhanced fracture toughness for iodoapatie materials synthe-
sized by the low-temperature SPS would greatly improve the
structural integrity and thus the performance of the designed
waste forms.

IV. Conclusions

Dense iodoapatite ceramic samples with a 96.5% TD can be
consolidated by low temperature SPS at 350°C for 20 min,
and microstructure analysis indicates a nanostructured feature
with the mean grain size of ~88 nm. Higher sintering tempera-
tures and prolonged durations for SPS sintering result in a
significant grain coarsening, and phase decomposition is iden-
tified for samples sintered at temperature at 500°C and 700°C
without holding. Elastic modulus and hardness are found to
be closely related to the density of samples; while fracture
toughness estimated by an indentation technique is governed
more by grain size. Samples densified at 350°C for 20 min
with nanosized grains show significant improvement of frac-

Fig. 6. Young’s modulus and hardness of the sintered samples as a function of porosity (a); dependence of hardness on sample grain size (b).

Fig. 7. Dent generated on polished surfaces perpendicular to the applied mechanical pressure of the 500-0 sample (a); a HRSEM image (b)
shows crack propagation along grain boundaries and stopped at tip (c) and estimated fracture toughness as a function of grain size (d).
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ture toughness over coarsened grain samples. The low-temper-
ature SPS sintering capable of consolidating iodoapatite cera-
mic samples with greatly improved mechanical properties by
microstructure manipulating has a significant impact in devel-
oping advanced materials for waste form application for effec-
tive nuclear waste management, particularly for highly
volatile radionuclides including iodine-129.
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Abstract 

Apatite-structured materials have been considered for incorporation of a number of fission products 

because of their chemical durability and compositional and structural flexibilities. It is hypothesized that 

the effect of beta-decay on the thermodynamic stability can be mitigated by introducing appropriate electron 

acceptors at the neighboring sites in the structure. Apatites with compositions of Ca10(PO4)6F2 and Ca4Y-

6(SiO4)6F2 were selected as the model systems for 135,137Cs and 90Sr incorporations respectively, where Cs 

substitutes Ca and Sr/Zr substitutes Y. AgFePb8(VO4)6I2 was selected for 129I incorporations. Decay series 

135,137Cs → 135,137Ba, 90Sr → 90Y → 90Zr, and 129I → 129Xe were investigated.  Electron density of states, 

crystal and defect structure, and formation energies of before and after beta-decay were calculated using a 

spin-polarized DFT approach. Ferric iron was used as the electron acceptor. The beta-decay results in an 

extra electron in the structure and a change of chemical species: Cs+ → Ba2+, Sr2+→ Y3+ → Zr4+, and I- → 

Xe. Calculated electron density of states suggests that the ferric ion captures the electron, and changes its 

oxidation state and becomes ferrous iron. The crystal and defect structures were analyzed based on the 

volume, lattice parameters, radial distribution functions, metal to oxygen distances, and the metaprism twist 

angles of the crystal structure. The results show that there are only minor changes in the crystal structure 

and defect structure for Ca10(PO4)6F2 with Cs+ and Fe3+ substitutions undergoing Cs+ → Ba2+ transmutation, 

and for Ca4Y6(SiO4)6F2 with Sr2+ and Fe3+ substitutions undergoing Sr2+ → Y3+ → Zr4+ transmutations. The 

last decay change, from Y3+ → Zr4+, causes larger changes of the local defect structure around Zr involving 

the coordination environment. Significant distortions of the local defect structure were observed for 
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AgFePb8(VO4)6I2 undergoing I- → Xe transmutation. The results on calculated total energy suggest that 

transmutations of Cs+ → Ba2+ and Sr2+ → Y3+ → Zr4+ in both apatite compositions are energetically 

favorable, consistent with the structural and compositional flexibility of apatite. In contrast, the I- 

transmutation is not energetically favorable, largely due to the structure unable to accommodate the zero 

valance Xe in the structural channel. The study suggests that apatite structured materials could be promising 

waste forms to mitigate the beta-decay induced instability of the materials by incorporating ferric ion or 

other electron acceptors in the structure for some fission products. The study may demonstrate a 

methodology to evaluate the structural stability of waste forms incorporating fission products undergoing 

beta-decay. 

Key words:  

Apatite, fission products, beta-decay, Density Functional Theory, crystal structure, crystal defect, nuclear 

waste form  

Introduction 

Sustainable nuclear energy requires radioactive nuclear waste to be safely disposed. Currently, the 

long-term solution to high-level radioactive waste is to permanently place the waste in geological settings. 

During past decades, various nuclear waste forms have been developed to incorporate radionuclides from 

reprocessing of the used nuclear fuel and the defense processing programs. Among the radionuclides, the 

most problematic are those with weak affinity to engineering barriers and rocks in a disposal environment, 

including Cs, Sr, and I. Borosilicate glass has been developed and produced at industrial scale to immobilize 

high-level waste by a vitrification process.(Vienna, 2010; Weber et al., 2009) This is largely because of 

flexibility of the glass to incorporate a range of nuclear waste elements and the existing melting technology 

to produce the glass. In order to improve durability, increase waste loading, and reduce the waste volume, 

glass-ceramic waste form (Crum et al., 2014; Crum et al., 2012; Vienna et al., 2012) and ceramic waste 

form (Amoroso et al., 2014{Ringwood, 1979 #3021; Aubin et al., 2004) have been developed. Multiphase 
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ceramics, such as the synthetic rock (SYNROC) targeting an assemblage of crystalline phases have been 

successfully demonstrated to incorporate various radioactive waste elements into a number of crystalline 

phases.(Ringwood et al., 1979a; Ringwood et al., 1979b) The concept of SYNROCK is based on knowledge 

of naturally occurring minerals containing radioactive species similar to the radionuclides produced in 

wastes from fuel reprocessing. Those mineral analogs have desirable characteristics that demonstrate their 

long-term durability in the natural environment over geological timescales. Both glass-ceramic and ceramic 

waste forms are desired to incorporate radionuclides by targeting certain crystalline phases, such as 

zirconolite (CaZrTi2O7), perovskite (CaTiO3), and hollandites (Ba(Al,Ti)2Ti6O16) in SYNROCK, and 

powellite (XMoO4, X= alkali, alkaline earths, lanthanides) and oxyapatite (Ca2Ln8(SiO4)6O2) in glass-

ceramic waste form.(Crum et al., 2014; Ringwood et al., 1979a; Ringwood et al., 1979b; Weber et al., 2009) 

Those phases incorporate radioactive fission products such as Cs and Sr at their lattice sites, and these 

fission products are beta emitters. Beta-decay emits an electron with energy in MeV range and the sudden 

increase in nuclear charge, resulting in modifications of the host phase chemistry and changes of the 

thermodynamic and mechanical properties. These changes can cause thermodynamic instability of those 

phases and microstructure changes, which may fundamentally degrade the performance of the waste forms 

incorporating these radionuclides. 

Interactions of beta-decay with the host phase largely depends on the nature of the decay and the 

host material.(Dezerald et al., 2015; Jiang et al., 2010; Jiang et al., 2012; Marks et al., 2013; Stanek et al., 

2012; Uberuaga et al., 2010; Weber, 1988) Recent density functional theory studies of the effects of beta 

decay of 137Cs (Jiang et al., 2010 ) and 90Sr(Jiang et al., 2010; Marks et al., 2013) in crystalline phases 

showed important chemical and structural modifications of the host phases as characterized by a process of 

radioparagenesis (Jiang et al., 2010; Marks et al., 2013), a structural and chemical transformation process 

resulting from radioactive decay of radionuclides in a solid phase. These studies enable the design of waste 

forms with improved mechanical properties by means of transmutation, thus opening a promising avenue 

for long-term nuclear waste containment. Chemical and valance change (e.g., 137Cs+ to 137Ba2+) may 
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lead to a volume change of the nuclear waste structure and decomposition of the crystalline waste form due 

to the valence and size changes from 137Cs+ to 137Ba2+. Thus, in addition to the heat and radiation from 

the MeV beta electron, effect of the chemical change on the integrity of the waste forms needs to be 

evaluated for the waste form design. In this regard, it is constructive to develop a strategy to evaluate and 

mitigate beta-decay induced instability of the nuclear waste forms that incorporate those fission products.  

It is desirable that both the extra electron and increased nuclear charge from beta-decay are locally 

offset in the phase without causing phase decomposition or phase transition. This requires that the crystal-

chemical substitutions must be electrically balanced and chemical bonding environment is flexible enough 

to accommodate transmutations involving changes in valence and atomic size.(Jantzen and Williams, 2008)  

When a monovalent cation (e.g., 137Cs) transmutes to a divalent cation (e.g., 137Ba), the substitutions 

must be coupled to electron acceptor (e.g., valance state reduced) to retain the electrical balance of the host 

phase without destroying the integrity of the phase, and the lattice site must be of suitable size and bond 

coordination to accept the transmutation. These requirements point to crystalline phases that have both 

chemical and structural flexibility with a wide range of chemical substitution. While chemical flexibility in 

glass is known and bonding in glass is considered short-ranges, the structure flexibility is unknown. Many 

natural minerals with potential interests to nuclear waste forms have structural and compositional 

flexibilities such as apatite A5(XO4)3Z (A= Na+, K+, Cs+, Mg2+, Ca2+, Ba2+, Sr2+, Cd 2+, Pb2+, Fe2+, Fe3+, 

REE3+, and Ac4+ , X= P5+, Si4+, S6+, V5+, Cr5+, As5+, Mn5+, Ge4+., Z= OH-, F-, Cl-, Br, I-, O2-, CO3
2-, and IO3

-), 

powellite related minerals – scheelite and fergusonite ABO4 (A=Ca, Pb, Ba, Y, La, Ce, Nd, B=Mo, W, Nb, 

Ti), hollandite AB8O16 (A= Cs, Sr, Ba, Rb, B=Al, Ti, Fe, Mn), crichtonite (Ca, Sr, La, Ce, Y)(Ti, Fe, 

Mn)21O38, murataite (Y, Na)6(Zn, Fe)5(Ti, Nb)12O29(O,F)14, to name a few. Among these minerals, apatite 

shows great structural and compositional flexibilities, which are also demonstrated from the fact that the 

apatite structure can even be deviated from hexagonal symmetry while maintaining the topology of apatite 

structure. (Hughes et al., 1989; Wang, 2015; White et al., 2005; White and ZhiLi, 2003) Because its multiple 

crystallographic sites can be occupied by elements with different charges, changes associated with the 
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valance and identity of the radioactive elements resulting from radioactive decay of those beta emitters, 

e.g., 137-Cs and 90-Sr, could be potentially offset by a charge transfer between the sites and structural 

distortions within the same phase. This charge transfer and structural distortion, preferably local within a 

couple of bond distance, would prevent likely phase transition or decomposition due to radioactive decay 

without compromising the integrity of the phase. The emitted electron could be captured by a variable 

valance metal ion in the structure and transmuted element (e.g., 137-Ba, 90-Y/Zr) remains in the lattice site. 

Thus, apatite-structured phases may be tolerant against or has potential to mitigate the aging effect of 

radionuclides from a process so-called radioparagenesis,(Jiang et al., 2009; Jiang et al., 2010; Marks et al., 

2013; Uberuaga et al., 2010)   

The purpose for this study is to test the hypothesis that apatite-structured phases with chemical and 

structural flexibility can tolerate structure and thermodynamic instability caused by beta-decay of some of 

important fission products, 137-CS, 90Sr, 129I, by introducing ferrous iron as electron acceptor in the 

structure.  Electron density of states, crystal and defect structure, and formation energies of before and after 

beta-decay were calculated using a spin-polarized DFT approach. The results are expected to shed light on 

waste form designs and the evaluation of the structural stability of incorporating fission products 

undergoing beta-decay. 

Methods 

The Hamiltonian of crystals mainly includes terms for inter-electronic repulsion, spin-orbit 

coupling, and ligand field interaction. In the calculation, only iron ions have the open shell. As the first row 

transition metal, the spin-orbit coupling of iron ion is less important than other terms in the Hamiltonian 

and can be neglected.(Chibotaru, 2015) Therefore, a spin-polarized DFT approach(Yao et al., 2013) is 

appropriate in the calculations. 

Density functional theory with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional under generalized gradient approximation (GGA)(Perdew et al., 1996; Perdew et al., 1997) 
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implemented in the Vienna ab initio simulation package (VASP)(Kresse and Furthmüller, 1996a, b; Kresse 

and Hafner, 1993, 1994) was employed for the structural optimization and total energy calculations. Total 

energy ������� , ��	 is expressed in terms of	��(�)and ��(�)which are the spin-up and spin-down electron 

densities, corresponding to the diagonal elements in spin space, and which play the same role as total 

electron density, �(�). Calculations were done using PAW formalism,(Blöchl, 1994; Kresse and Joubert, 

1999) which was developed using concept of pseudopotentials(Vanderbilt, 1990) in the plane-wave basis 

supplied by the VASP. A self-consistency cycle with a Pulay mixer and an iterative matrix diagonalization 

scheme was used to calculate the Kohn Sham (KS) state until the difference of the total energy less than 

0.0001 eV, while the split-valence double-ζ plus polarization orbitals were chosen in calculation. The k-

meshes are generated in the Brillouin zone with a 2 × 2 × 3 Monkhorst−Pack grid in each direction. The 

energy cutoff was set as 520 eV.  

Ca10(PO4)6F2 was selected for Cs+ incorporation, since Cs incorporation in the Ca10(PO)6F2 has been 

reported.(Chartier et al., 2001) Fe3+ induced at the neighboring site of Cs+ as charge balance to remain the 

integrity of the phase have been discussed in perovskite.(Vance et al., 1982) Thus, Fe3+ was chosen as an 

electron accepter coupled-substituted with Cs+ in Ca10(PO4)6F2. For Sr2+ incorporation, Sr2+ and Fe3+ 

coupled-substitution requires a stoichiometric proportion of 1: 2 due to the two step decay. Y4Ca2(SiO4)6F2 

was selected where Sr2+ and Fe3+ could be substituted at Ca2+ and Y3+ position respectively. For iodide 

incorporation in the structural channel, size of the channel in the apatite structure has to fit the size of iodide 

ion. Currently, only a few iodide apatite compositions have been synthesized experimentally. Pb10(VO4)6I2 

is a synthetic apatite inspired from vanadinite (Pb10(VO4)6Cl2) a chemically similar natural 

apatite.(Audubert et al., 1997; Stennett et al., 2011) AgPb9(VO4)6I and AgBa9(VO4)6I were synthesized as 

a potential waste form to immobilize radioactive iodine.(Uno et al., 2004) In the project. AgFePb8(VO4)6I2 

was selected as the waste form for I-.  

The cohesive energy (Ec), defined as the energy to pull a material apart into a collection of isolated 

atoms, was employed to compare the energetically preference of the transmutation product to its 
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parent.(Louis-Achille et al., 1998; Serway et al., 2005) For the A→B transmutation, the difference of the 

cohesive energy (���) was calculated as  

��� = (∑������
− ���������

) − (∑������
− ���������

)     (1) 

where ��_��� ! " and ������
denote to the total energy for the transmutation ion contained product and 

energy of the free transmutation atom. By that analogy, ��_��� ! " and ������
 denote the parent. Since only 

the atom changes due to the beta decay after transmutation, equation (1) can be simplified as  

��� = (��#$%����
− ���������

) − (�#�%����
− ���������

)     (2) 

where ��#$%����
	and 	��#$%����

 represent the total energy of the transmuted free atom and its parent. 

Obviously, the higher ���, the more stable the transmutation product than its parent. 

Radial distribution functions (RDF) were calculated to evaluate the structural changes involving  

the transmutation using the Interactive Structure Analysis of Amorphous and Crystalline Systems 

(ISAACS).(Roux and Petkov, 2010) The number of δr steps and the smoothing factor were set as 500 and 

0.02 respectively. 

Results and discussion  

(1) Cs+ to Ba2+ β-decay 

The main difficulty comes from the fact that multiple configurations are possible for the Cs+ and 

Fe3+ substitution in Ca10(PO4)6F2. In the project, Cs+ at Ca2+ site I with Fe3+at site I or II, denoted as Cs+(I) 

- Fe3+(I) or Cs+(I) - Fe3+(II), and Cs+ at Ca2+ site II with Fe3+ at site I or II  denoted as Cs+(II) - Fe3+(I) or 

Cs+(II) - Fe3+(II) were considered with the shortest distance between these two substitutions for electron 

transfer purpose (Figure 1). Ca8Fe1Cs1(PO4)6F2 (donated as Cs+-Fe3+) was set as supercell for Cs+ and Fe3+ 

substitution, in which the weight concentrations of Cs+ is 11.9%  The transmuted product was set as 

Ca8Fe1Ba1(PO4)6F2 (donated as Ba2+-Fe2+) where Ba2+ is at the position of Cs+.   
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After Cs+ → Ba2+ transmutation, Fe3+ is reduced to Fe2+. The electron transfer process is 

demonstrated by comparing the changes in spin-polarized density of states (DOS) between Cs+-Fe3+ and 

Ba2+-Fe2+ in different configurations (Figure 2). The DOS appear as “sandwich-like” structures with the 

valence bands and the conduction bands filling with partial occupied d-like orbitals contributed by iron ion. 

For Cs+-Fe3+, the high spin state of Fe3+ (d5) has been observed. The occupied spin α components of Fe3+ 

are delocalized with valence bands, while five unoccupied spin β components are localized between the 

valence and the conduct bands. After Cs+ becomes Ba2+, the high spin state remains. A few spin α d-like 

orbitals are localized, all spin β d-like orbitals keep the localization.  One occupied d-like orbital appears 

in spin β projection, which indicates the emitted electron from β-decay has been “captured” during the 

Fe3+→Fe2+ reduction process. Similar results were obtained in all configurations (Figure 2). The results 

demonstrate the variable valance iron cation behaves as a charge balancer during the Cs+ β decay.  

In order to compare the stability for these four different configurations, the total energy of the 

systems with Cs+-Fe3+ and Ba2+-Fe2+ were calculated after energy optimization (Table 1). A slight 

differences in total energy were observed between different configurations of Cs+-Fe3+, which indicates the 

Cs+ and Fe3+ ions in the apatite may not have a specific site preference. However, the structure for Fe3+ at 

Ca2+ site I and Cs+ at Ca2+ site II, Fe3+(I)-Cs+(II), has the lowest total energy among all four configurations. 

After transmutation, Fe2+ located at site (I) and Ba2+ at site (II), i.e., Fe2+(I)-Ba2+(II), has the lowest energy. 

Since the order of the Shannon-Prewitt Crystal Radius is Cs+ > Ba2+ > Ca2+ > Fe3+,(Shannon, 1976) this 

observation is consistent with the understanding that a larger ion preferentially enters the Ca-II site in the 

tunnel position rather than the Ca-I site in the framework site.(Lim et al., 2011)  

The difference between cohesive energies of Cs+-Fe3+ and Ba2+-Fe2+ (��� ) were calculated 

according to equation (2). The calculated results show the Ba2+-Fe2+ apatite is more energetically stable 

than the original waste forms (Table 1).  

Beside the energetics, structural changes are also critical in nuclear waste-form designing. The 

volume and lattice parameters changing for the apatite from Cs+-Fe3+ → Ba2+-Fe2+ in different 
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configurations are listed in Table 2. The volumes become smaller with a reduction of 1.4 – 3.1%, as 

expected due to the smaller cation size of Ba2+ than Cs+. In all forms, the volume shrinking accompanies 

with the reducing of lattice constants in all dimensions with no exceptions, which may indicate small 

distortions during the β decay. 

In all pairs RDF results, P-O bond distances for all configurations (first peak) remain the same 

within uncertainty, suggesting the rigid (PO4)3- units are intact in the apatite structure. The most common 

Ca-O bond distances have small changes, which also supports the stability of the structure.  Other pairs 

RDFs change gradually within the increase of pairs’ distances (Figure 3). The cation to anion distances 

predominantly govern the lattice constants.(Jinmin et al., 1991) This relationship was demonstrated in 

apatite Ca5(PO4)3F as well.(Wu et al., 2004) The cation at site I is coordinated with nine O2-, while cation 

at site II is coordinated to seven O2- and to one F-.(White and ZhiLi, 2003) The decrease in bond distances 

from Cs-O to Ba-O has been seen for all configurations with small changes in standard deviation, which 

suggests a volume contraction as a result of the transmutation without leading to increased local structure 

distortion (Figure 4). In general, iron ion’s location gives less influence for the distribution in Cs-O or Ba-

O bond distances. The bond distance change from Cs-O to Ba-O along with the total energy change shows 

changes in local structure and total energy after the transmutation event from Cs+ to Ba2+ in Cs+-Fe3+ apatite 

occurs. The result shows a normal bond distance decrease while the structure being optimized (Figure 5). 

The metaprism twist angle φ is quantitative measure of distortion in apatite structure from the ideal 

hcp packing, which can be calculated for any individual metaprism from the fractional coordinates of 

substituted cation at site I, O(1) and O(2).(White and ZhiLi, 2003) The metaprism twist angle for Cs+ and 

Ba2+ contained species in different configurations are compiled and compared to the twist angle for 

Ca10(PO)6F2 (Figure 6).(Lim et al., 2011) In general, the shifts of the twist angles after the transmutation of 

Cs+(I) - Fe3+(I), Cs+(I) - Fe3+(II), and Cs+(II) - Fe3+(II) are less than 5 degree; the exception, Cs+(II) - Fe3+(I) 

changes to 6-8 degree. The result suggests that, in terms of the twist angle, only minor distortion is occurred 

after the β decay. 
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As a summary, Ca10(PO4)6F2 
 could be the qualified candidate for Cs+ loading incorporated with the 

electron accepter, Fe3+.  Besides the energetically favorable, the product of the transmutation does not 

change significantly including the volume, lattice parameters, radial distribution functions, metal to oxygen 

distances, and metaprism twist angles. 

(2) Sr2+ to Y3+ then Zr4+ β-decay 

Since this decay series involved high changed species, apatite Ca4Y6(SiO4)6F2 was selected  for Sr2+ 

incorporation. In the structure, Ca2+ is at apatite site Ca-(I) and Y3+ is at site Ca-(II).(Villars, 2014)  After a 

coupled substitution by Sr2+ and Fe3+, the composition is Ca3Sr1Y4Fe2(SiO4)6F2, donated as (Fe3+-Sr2+-Fe3+), 

where one Ca2+ and two Y3+ substituted by Sr2+ and Fe3+ respectively, for the two steps in the Sr2+ β-decay 

series. Two possible configurations, two Fe3+ ions substituted for Y3+ at the same or different hexagonal 

channels  (Ca-II), were considered in the calculations with Sr2+ and Fe3+ ions in neighboring sites. After the 

transmutations, the compositions are Ca3Y5Fe2(SiO4)6F2 (Fe2+-Y3+-Fe3+) and Ca3Zr1Y4Fe2(SiO4)6F2 (Fe2+-

Zr4+-Fe2+), where Y3+ then Zr4+ are changed from Sr2+ at the same position. Unlike the four configurations 

of Cs+ and Fe3+ coupled substitution have similar total energies previously, the configuration with Fe3+ ions 

at the same hexagonal channel with Sr2+ has a significant lower in total energy (2.15 eV lower) than that 

Fe3+ at different channels, indicating Fe3+ and Sr2+ prefer in the same channel. Therefore,  Sr2+ ion with two 

Fe3+ ions at the same hexagonal channel with a configuration of Fe3+-Sr2+-Fe3+ was considered for the 

further discussion (Figure 7).   

DOS for the systems with configurations of Fe3+-Sr2+-Fe3+, Fe2+-Y3+-Fe3+, and Fe2+-Zr4+-Fe2+ were 

calculated to understand the transmutation induced electron transfers. In Fe3+-Sr2+-Fe3+, two Fe3+ ions in the 

high spin state have the ferromagnetic order, which exhibits  ten occupied spin-up (part delocalized) and 

ten empty spin-down (localized) d-like orbitals. (Figure 8-A). After Sr2+ decay to Y3+ (Figure 8-B) then to 

Zr4+ (Figure 8-C), the magnetic order and the spin state do not change, one electron fills in spin β orbital of 

Fe2+-Y3+-Fe3+, and two electrons in spin β orbitals of Fe2+-Zr4+-Fe2+. The charge balance is clearly seen in 

the changes of the DOS. 
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Same method for cohesive energy comparison in Cs+ case was applied to calculate the cohesive 

energy differences from Y3+ to Zr4+ and from Sr2+ to Y3+. The difference of the cohesive energy (���) in 

the two step β-decay from Sr2+ to Y3+ then Zr4+ are 4.43 eV and 1.39 eV respectively, which indicates the 

structure is more energetically stable after the transmutations.    

Unlike the volume decrease from Cs+ to Ba2+ decay is due to shrink along all three axes, the Sr2+ 

decay series causes the lattice constant a and b increasing and c decreasing, which indicate nonlinear 

relationships between sizes of the lattice parameters and volume and substituting ions as a result of the 

transmutation (Table 3).(Wang, 2015) In RDF statistics, The Si-O peak positions remain during the 

transmutation (Figure 9). However. Other pairs’ position including Ca-O change considerably. Metal cation 

to oxygen distances, Sr-O, Y-O, and Zr-O, are calculated for local structure changes. Sr2+ and its transmuted 

products are all located at site Ca-I, which is expected to have a coordination number of nine. The nine 

nearest metal to oxygen distances are calculated and plotted in Figure 10. From Sr2+ to Y3+, all nine bond 

distances decreased nearly uniformly. From Y3+ to Zr4+, the bond distances with its nearest seven neighbors 

decrease consistently, but the eighth and ninth bond distances increase. The result suggests a change of the 

coordination environment from Y3+ to Zr4+.  

A useful check for coordination is to employ the Grubbs’ test(Grubbs, 1969) in one-sided 

(minimum) form for identifying the coordination number according to the relative contributions of the 

ligands to the total crystal field terms.(Yao et al., 2015) The crystal-field Hamiltonian has R-3, R-5…, 

dependence, where R is the distance between metal cation to ligand. Mathematically, the R-3 dependence 

offers a convenient criterion to estimate the contribution to the crystal field from each ligand ion, in other 

words the coordinating ions to the central metal ion. The tested sample range was chosen from the top 

contributor down to include the proposed coordination number found plus one more. The G value was 

calculated for lowest contributor, as a suspected outlier, and compared to the Grubbs’ critical value to 

determine the confidence interval.  For the Fe2+-Zr4+-Fe2+ system, the test result shows that Zr4+ changes to 
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seven coordination at 99% confident interval, consistent with the results as shown in Figure 9. This 

observation may suggest that there may be a symmetrical change in the process of Y3+ decay to Zr4+.   

In summary, during the Sr2+→ Y3+ → Zr4+ decay where Fe3+ acts as the electron accepter, the 

products of the transmutation are energetically favorable. The tetrahedral (SiO4)3- structure mains durable. 

However, the coordination number change in Y3+ → Zr4+ indicates a symmetrical distortion may occur in 

the process.  

(3) I- to Xe β-decay  

Since the preference of the larger size ion to site (I) was found in previous simulation for 

Ca8Fe1Cs1(PO4)6F2, Ag+ and Fe3+ are arranged to be located at site (I) and site (II) respectively in 

AgFePb8(VO4)6I2 (I--Fe3+). After the I- to Xe β-decay, the transmutation is signed as AgFePb8(VO4)6IXe 

(Xe-Fe2+) where Fe3+ is reduced to Fe2+. The electron transfer process is demonstrated by comparing the 

changes in spin-polarized density of states (DOS) between I--Fe3+ and Xe-Fe2+. Similar to Cs+ and Sr2+ cases, 

a reduction process from Fe3+ to Fe2+ has been observed during the I- to Xe transmutation. As the noble gas, 

the releasing process of Xenon from the matrix is expected very fast unless under gigapascals of 

pressure.(Caldwell et al., 1997) Thus, the stability of AgFePb8(VO4)6I (vacancy- Fe2+) was discussed as 

well. The iron ion oxidation state does not change after xenon gas flees (Figure 11). 

From I- to Xe β-decay, the difference of the cohesive energy (���) is -40.3 eV due to the low Xe 

atom free energy (-27.26 eV) and high I atom free energy (10.44 eV). Although ��� is 28.7 eV after xenon 

gas escapes, the overall ��� is -13.0 eV. Unlike Cs+ and Sr2+ β-decay, the product of I- to Xe transmutation 

is more energetically unstable than its parent.  

In Cs+ and Sr2+ transmutations, tetrahedral (PO4)3- and (SiO4)4-structures, the “skeletons” of the 

apatite, does not change in terms of RDF (Figure 3 and Figure 9-A). In contrast, an increasing bond distance 

of V-O in (VO4)3- has been observed during the I- to Xe β-decay, and remains after xenon releasing (Figure 

9-B). Under the background that the volume and lattice parameters decrease in I--Fe3+ → Xe-Fe2+ → 
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vacancy- Fe2+ processes (Table 4), the observation suggests a framework distortion may occur in I- 

transmutation in AgFePb8(VO4)6I2.  

In summary, AgFePb8(VO4)6I2 is not an ideal waste form for I-, although it may be synthesized. 

The significant decrease of the cohesive energy in I- to Xe β-decay indicates the energetically unstable. 

Furthermore, which is suggested from the contradictive observation, the decrease of volume and lattice 

parameters accompanied with the increasing V-O bond distance in (VO4)3-, suggests a structural distortion 

in I-→ Xe decay. 

Conclusions 

A library of mineral analogs could be candidates of nuclear waste forms. The theoretic research 

applies a convenient approach for potential waste forms picking and designing. In general, co-doping Fe3+ 

in the same waste form could be a practical solution for the purpose of the electron capture generated from 

a β-decay.  The appropriation of selected apatites for wastes loading can be evaluated by comparing the 

features of the transmutation products and their parents. The energetic and structural studies show 

Ca10(PO4)6F2 is promising for Cs+ → Ba2+ transmutation when coupled with Fe3+ as the electron accepter at 

~12% weight concentration at least. A  structural unstable due to the change of the coordination number  

for Zr4+ to oxygen ligands in the Y3+→Zr4+ process may occur in Ca4Y6(SiO4)6F2 
 with Sr2+ and Fe3+ 

substitutions. In AgFePb8(VO4)6I2, the I- decay causes the alteration of the tetrahedral (VO4)3- which may 

induce a serve distortion for the transmuted production. 
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Figures  

 

Figure 1. The optimized molecular structure of Cs+-Fe3+ (2x2x1), when both Fe3+and Cs+ as impurities 

replace two Ca2+ (I) in Ca10(PO4)6F2. Blue, golden, green, pink, red, and silver balls represent Ca2+, Fe3+, 

Cs+, P3+, O2-, and F- respectively.    
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Figure 2. DOS of Cs+-Fe3+ (left panel) and Ba2+-Fe2+(right panel) when Cs+/ Ba2+ and Fe3+/ Fe2+ locate at 

different Ca-site. Curves above and below the central line in each panel represent partial DOS for spin (α) 

(green) and spin (β) (pink) components. Filled portions of the curve represent occupied electronic states for 

spin (α) (red) and spin (β) (blue). High-spin configurations can be seen. The orbitals inside the black bracket 

are d-like orbitals contributed by Fe3+ (Fe2+) ion.  
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Figure 3. The radial distribution function for all pairs changes from Cs+ - Fe3+ species (black solid line) to 

Ba2+ - Fe2+ ( red dashes) decay. Figures are (A) Fe3+(I)-Cs+(I), (B) Fe3+(I)-Cs+(II), (C) Fe3+(II)-Cs+(I), and 

(D) Fe3+(II)-Cs+(II) decay from top to bottom. The P-O bonds remain same position, and Ca-O bonds 

exhibit a small shifts.  
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Figure 4. The average and standard deviation Cs-O and Ba-O bond distances for  (A) Cs+(I) - Fe3+(I), (B) 

Cs+(II) - Fe3+(I),  (C) Cs+(I) - Fe3+(II), and (D) Cs+(II) - Fe3+(II) decay.  
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Figure 5. The evaluation of Ba-O band distance (Blue solid) and total energy (black dots) in the process of 

geometry optimization. The median of the Ba-O bond distances in Ba+2+(I) - Fe2+(I) was chosen in the figure 

as an example.  
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Figure 6. The metaprism twist angle for Cs+ contained species (black bars) and the decay product Ba2+ 

contained species (red bars) for (A) Cs+(I) - Fe3+(I), (B) Cs+(II) - Fe3+(I),  (C) Cs+(I) - Fe3+(II), and (D) 

Cs+(II) - Fe3+(II)  decay. The blue line donates the twist angle for Ca10(PO)6F2.  
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Figure 7. The optimized molecular structure of (Fe3+-Sr2+-Fe3+) (2x2x1), when Sr2+ replaces Ca2+ at site (I) 

and two Fe3+ replace two Y3+ at same  hexagonal channel. Green, golden, pink, grey, blue, red, and silver 

balls represent Sr2+, Fe3+, Ca2+, Y3+, Si4+, O2-, and F- respectively.  
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Figure 8. DOS of Fe3+-Sr2+-Fe3+ (A), Fe2+-Y3+-Fe3+ (B), and Fe2+-Zr4+-Fe2+ (C). Curves above and below 

the central line in each panel represent partial DOS for spin (α) (green) and spin (β) (blue) components. 

Filled portions of the curve represent occupied electronic states for spin (α) (red) and spin (β) (blue). The 

ferromagnetic order of iron ions with high spin state can be seen. The orbitals inside the black bracket are 

d-like orbitals contributed by Fe3+ (Fe2+) ion.  

 



25 

 

 

Figure 9. The radial distribution function for all pairs changes from Fe3+-Sr2+-Fe3+ (black solid line) →  

Fe2+-Y3+-Fe3+ (red dots) → Fe2+-Zr4+-Fe2+ (blue dashes). From left, the first peak is the Si-O bond. The 

position of this peak remains in Sr2+ → Y3+ → Zr4+ transmutation. Fe-O and Ca-O bonds are signed in the 

figure. 
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Figure 10. The nine nearest Metal-O bond distances for Sr-O (black squares), Y-O (red dots), and Zr-O.  

  



27 

 

 

Figure 11. DOS of I--Fe3+ (A), Xe- Fe2+ (B), and vacancy- Fe2+ (C). Curves above and below the central 

line in each panel represent partial DOS for spin (α) (green) and spin (β) (blue) components. Filled portions 

of the curve represent occupied electronic states for spin (α) (red) and spin (β) (blue). The orbitals inside 

the black bracket are d-like orbitals contributed by Fe3+ (Fe2+) ion.  

  



28 

 

 

Figure 12. The radial distribution function for all pairs changes from I--Fe3+ (black solid line) → Xe-Fe2+ 

(red dots) → vacancy- Fe2+ (blue dashes). From left, the first, second and third peaks contribute by V-O, 

Ag-O, and Pb-O bonds respectively. A significant shift of V-O bond has been seen.  
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Tables: 

 

Table.1 Total energies and the cohesive energy change when Cs and Fe are at different Ca sites 

(unit: eV)  

 Cs+(I) - Fe3+(I) Cs+(II) - Fe3+(I) Cs+(I) - Fe3+(II) Cs+(II) - Fe3+(II) 

Total energy -295.61 -295.76 -295.47 -295.49 

 Ba2+(I) – Fe2+(I) Ba2+(II) – Fe2+(I) Ba2+(I) – Fe2+(II) Ba2+(II) – Fe2+(II) 

Total energy -299.38 -300.94 -300.71 -300.79 

 Cs Cs Cs Cs 

Total energy -2.41 -2.41 -2.41 -2.41 

 Ba Ba Ba Ba 

Total energy -1.23 -1.23 -1.23 -1.23 

∆ Ec(Ba-Cs) 4.95 6.36 6.42 6.53 

 

 

 

Table 2. The comparison of the volume and lattice parameters in Cs+-Fe3+ → Ba2+-Fe2+ 

 volume a b c α β γ 

Cs+(I) - Fe3+(I) 550.2 9.497 9.497 7.043 90.0 90.0 120.0 

Ba2+(I) – Fe2+(I) 542.4 9.486 9.486 6.961 90.0 90.0 120.0 

Changing -1.4% -0.1% -0.1% -1.2% 0.0% 0.0% 0.0% 

Cs+(II) - Fe3+(I) 559.7 9.796 9.656 6.827 90.7 90.1 119.9 

Ba2+(II) – Fe2+(I) 550.6 9.656 9.550 6.896 90.2 89.4 120.0 

Changing -1.6% -1.4% -1.1% 1.0% -0.6% -0.7% 0.1% 

Cs+(I) - Fe3+(II) 565.3 9.588 9.613 7.167 90.3 90.2 121.2 

Ba2+(I) – Fe2+(II) 554.8 9.532 9.546 7.075 90.0 90.5 120.5 

Changing -1.9% -0.6% -0.7% -1.3% -0.4% 0.3% -0.6% 

Cs+(II) - Fe3+(II) 573.3 10.059 9.751 6.752 90.0 90.0 120.0 

Ba2+(II) – Fe2+(II) 555.7 9.719 9.629 6.861 90.0 90.0 120.1 

Changing -3.1% -3.4% -1.2% 1.6% 0.0% 0.0% 0.0% 
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Table 3. The comparison of the volume and lattice parameters in Ca3Sr1Y6Fe2(SiO4)6F2
 → 

Ca3Y7Fe2(SiO4)6F2  →Ca3Zr1Y6Fe2(SiO4)6F2 transmutation. 

 Volume a b c α β γ 

Fe3+-Sr2+-Fe3+ 538.4 9.257 9.333 7.040 89.8 90.7 117.7 

Fe2+-Y3+-Fe3+ 531.0 9.370 9.443 6.860 89.7 89.7 119.0 

change -1.4% 1.2% 1.2% -2.6% -0.1% -1.1% 1.1% 

Fe2+-Zr4+-Fe2+ 530.5 9.548 9.464 6.683 89.3 90.1 118.6 

Change -0.1% 1.9% 0.2% -2.6% -0.5% 0.5% -0.3% 

 

 

Table 4. The comparison of the volume and lattice parameters in AgFePb8(VO4)6I2 → AgFePb8(VO4)6IXe 

→ AgFePb8(VO4)6I process. 

 volume a b c α β γ 

I--Fe3+ 742.9 10.726 10.938 7.443 93.5 90.7 121.4 

Xe-Fe3+ 742.6 10.718 11.143 7.321 93.2 89.5 121.7 

change 0.0% -0.1% 1.9% -1.6% -0.3% -1.3% 0.2% 

vac-

Fe3+ 705.0 10.572 10.863 7.314 93.2 88.7 122.8 

change -5.1% -1.4% -2.5% -0.1% 0.0% -0.9% 0.9% 
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Abstract 

Iodine-129 is a volatile radionuclide that formed as a product of nuclear fission. Due to 

its long half-life (15.7 × 106 year) and high mobility in environment, it is imperative to 

develop suitable waste forms which are durable to retain I-129 in geological settings. 

Vanado-iodoapatite has been proposed as a candidate waste form for iodine 

immobilization because of the chemical durability of apatite structure. To evaluate the 

long-term performance of such waste form materials, it is necessary to examine the 

leaching behavior of iodine in the apatite in aqueous solution. A standard test method 

based on Accelerated Leach Test (ALT) was adopted to investigate the iodine leaching 

behavior. The ALT is a semi-dynamic leach test in which the matrix material is exposed 

in fresh leachant on a periodic schedule. The leachant is replaced completely after each 

interval. The experiments were carried out in cap-sealed Teflon vessels under constant 

temperature 90 ± 0.5 oC. Apatite samples (Pb9.85 (VO4)6 I1.7) were placed on Teflon mesh 

stands in the vessels, which were filled with deionized water as leachant. The leachates 

were collected and analyzed using ICP-MS. The results show that Pb and V were 

released stoichiometrically with a molar ratio Pb/V of 1.6, consistent with their 

stoichiometric ratio 9.8 / 6. However, the released iodine is significantly higher than its 

corresponding stoichiometric value (I/V) 1.7 / 6. In addition, at neutral pH with DI water, 

iodine leaching rate decreases with time, while at slightly acidic condition, the leaching 

rate becomes a constant after first day. The estimated long-term leach rate of iodine is ~2 

mg/m/day, significantly lower than a number of candidate iodine waste forms. The 

leaching behaviors show that the release of iodine is controlled by diffusion and 



dissolution processes. Our current study demonstrates the potential of vanado-iodoapatite 

as a waste form candidate to immobilize iodine-129.    

Introduction 

The disposal of radioactive waste is a technical challenge that inhibits the application of nuclear 

energy (Agency, 1987; Council, 2011; Gombert, Ebert, Marra, Jubin, & Vienna, 2008; Noyes, 

1995; Peters & Ewing, 2007; Weber, Navrotsky, Stefanovsky, Vance, & Vernaz, 2009). The 

general accepted waste management strategy requires the immobilization of radionuclides in 

waste forms, stable solid host materials of high durability in disposal environment (Agency, 

1987; Council, 2011). Waste forms is the primary barrier engineered to retain radionuclides into 

biosphere for a time scale of the order of a half-life. Therefore, developing appropriate waste 

forms is imperative to address this challenge, particular for radionuclides exhibiting long half-

live and poor sorption on conventional materials (Council, 2011; Ewing, 1999, 2001; Ewing, 

Weber, & Clinard Jr, 1995; Noyes, 1995).  

 

Iodine – 129 is one of an important radionuclides for assessing the disposal safety of radioactive 

waste (Kato, Kato, & Tanabe, 2002; Peters & Ewing, 2007), owing to the extremely long half-

live, the high volatility of elemental iodine, the high corrosiveness of iodide salts, and the easy 

displacement of iodine by other common anions in nature (Agency, 1987; Council, 2011; Ewing 

et al., 1995; Fuge & Johnson, 1986; Gombert et al., 2008; Lide, 2005; Noyes, 1995). Iodine – 

129 is also one of the prevailing radionuclides in terms of the maximum dose rate (Ewing et al., 

1995), especially for nuclear waste bearing transuranic elements (Kato et al., 2002). Iodine ion 

exhibits low sorption property on conventional engineering barrier materials as well as the 

natural ones such as rock and soil (Council, 2011; Fabryka-Martin, 1988; Koch-Steindl & Pröhl, 



2001).  Moreover, iodine – 129, if treated conventionally, can be released rapidly from a 

geological repository and migrate to biosphere with insignificant decay loss due to its extremely 

long half-live 1.57 × 107 year (Agency, 1987; Council, 2011; Noyes, 1995). Thus, immobilizing 

iodine is one of the priority goals in nuclear waste management. 

 

Several candidate waste form along with their respective treatment techniques have been 

proposed to immobilize iodine. Glass type waste forms can be obtained by Hot Isostatic Pressing 

(HIP) and low temperature vitrification. HIP method involves high temperature and pressure that 

convert amorphous silica gel into crystalline quartz solidificate. Iodine is confined among quartz 

grains in the form of AgI or AgIO3. Therefore, the release of iodine, which retained by the quartz 

grain boundary layer in HIP treated solidificate, is dominated by diffusion process (Kato et al., 

2002). Another glass waste form (e.g. AgI - Ag2O - P2O5 and B2O3 - Si2O – PbO) utilizes low 

temperature vitrification to confines radioactive iodine, which yields homogeneous glass without 

crystallization (Council, 2011). In addition to glasses, another type of waste forms is produced 

by consolidation treatments yielding cement, ceramics, and mineral crystalline waste forms with 

cage or tunnel structures. Hot-press of the spent filter methods solidify spent iodine filter and 

encapsulate iodine with physically and chemically stable metallic or mineral matrices, such as 

copper and apatite. The iodine release occurs with the matrix corrosion. High performance 

cement solidification has been developed as a high iodine retention waste form by mixing the 

IO3
- with high sorption performance cement. A distribution coefficient about 900 ml/g has been 

reported for the IO3
-. Naturally occurred mineral structures with inherently low solubility and 

leachability have inspired the synthesis of mineral waste forms, which are composed of mineral 

lattices with iodine anion. Leach tests on the synthesized iodine sodalite Na8(AlSiO4)6I2 and lead 



vanado-iodoapatite Pb10(VO4)6I2 revealed leach rates of 0.005 – 0.01 and 0.398 g · m-2 · d-1, 

respectively (Kato et al., 2002; Maddrell, Gandy, & Stennett, 2014). It also shows that the iodine 

released from sodalite was driven by congruent dissolution, whereas an incongruent release of 

iodine was observed in apatite waste form (Kato et al., 2002; Maddrell et al., 2014). Among 

these candidate waste forms, materials with apatite structure exhibit numerous advantages 

(Ewing & Wang, 2002; Oelkers & Montel, 2008). With geological record of over billions of 

years, naturally occurred apatite minerals Ca10(PO4)6X2 have demonstrated the mechanical and 

chemical durability of apatite structure (Ewing, 1999; Ewing et al., 1995). A wide range and high 

tolerance of substitutions at multiple crystallographic sites show a high degree of chemical and 

structural flexibility of apatite matrix (Council, 2011; Ewing, 1999; Weber et al., 2009), which 

can accommodate different elements generated from radioactive decay of iodine (Oelkers & 

Montel, 2008; Peters & Ewing, 2007; Wang, 2015). Therefore, apatite structured material 

Me10(XO4)6Y2 is a promising waste form candidate for iodine immobilization, given the 

inherited durability and flexibility from natural analogues. 

 

To quantify the chemical durability, it is necessary to carry out robust leaching test on candidate 

waste form. Current leach test standards of material chemical durability are generally adapted 

from MMC series tests (MCC-1 through MCC-5) developed by the Materials Characterization 

Center (MCC) (Council, 2011). The successors Waste Form Test Protocols (C1174, 1220, 

C1285, C1662, C1663, and C1308), developed by the ASTM Subcommittee C26.13, provide 

mechanistic understanding of material durability (Council, 2011; Weber et al., 2009). In general, 

there are five types of approaches for testing chemical durability of waste forms: static leach test, 

Product Consistency Test (PCT), Soxhlet test, Single-Pass Flow-Through test (SPFT), and 



Accelerated Leach Test (ALT). Static leach test is widely used to compare the dissolution 

behaviors of waste forms and to probe the reaction during static exposure to dilute solution, of 

which the solution feedback effect is assumed to be insignificant. The PCT is also a static test 

using crushed sample to determine the dissolution mechanisms of waste forms, particularly for 

glasses. Soxhlet test, mostly used in Europe, is designed to maximize the amount of leachable 

constituent in leachant by allowing a continuous contact between the waste and recycling 

leachant in a closed system. SPFT method, conducted in a constant-flow environment, is 

recommended to study the long-term dissolution of glass waste forms, which assumes that the 

leached species have negligible effects on the forward dissolution rate. The ALT is a semi-

dynamic test in which the leachate solution is periodically replaced after a short interval (e.g. 1 

day).  

 

Soxhlet test on synthesized lead vanado-iodoapatite Pb10(VO4)6I2 by hot-pressing  showed a 

release rate of iodine leached from apatite was two orders of magnitude higher than a typical 

glass waste and suggested apatite will be a good waste form if embedded in a suitable matrix 

material to overcome its vulnerability to leaching (Kato et al., 2002; Uno, Shinohara, Kurosaki, 

& Yamanaka, 2001). The release of iodine can be subjected to leaching model (diffusion) or 

solubility limit model (dissolution) (Kato et al., 2002). However, soxhlet test is not 

recommended to study the release mechanism of waste form due to the lack of control of model 

parameter values and the overlook of possible impact of the effective flow rate (Ebert & 

Fuhrmann, 2010). Several researchers performed static leach test on iodide vanadinite 

Pb10(VO4)6I2 obtained from solid state reaction or dry mechanochemical process (Maddrell et al., 

2014; Suetsugu, 2014; Zhang, Maddrell, Abraitis, & Salje, 2007), from which an incongruent 



release of iodine is observed with approximately an order of magnitude higher than matrix 

dissolution. A diffusion controlled iodine release model is proposed due to the exchangeability of 

I- by OH- (Suetsugu, 2014; Zhang et al., 2007). Due to the difference of leach test protocols 

implemented worldwide, it is difficult to compare the result reported in literatures. Thus, it is 

beneficial to apply a test protocol that enables the normalization of test system parameters, which 

can yield scalable result to compare previous study under different settings. 

 

Considering the diffusion and possibility of multiple processes, conducting an appropriate leach 

test is necessary to characterize the iodine release behavior of apatite waste form. Here, the ALT 

test is proposed to monitor the species of interest released in successive test intervals, which can 

1) determine the diffusion coefficients, temperature and other parameter dependences, to project 

the long-term release; 2) enhance the degree of overall reaction within a laboratory time frame; 

3) evaluate the stability of waste form matrix, solution feedback, and solubility limit effects. 

In this paper, the ALT leach test (ATSM C 1308-08) is performed to examine the occurrence of 

diffusion and necessary dependences for evaluating the long-term chemical durability of a 

synthetic apatite waste form: lead vanado-iodoapatite Pb9.85 (VO4)6 I1.7. In addition, 

dependencies on critical parameters such as time, surface to volume ratio, temperature, and pH 

are characterized and normalized for predicting the long-term leaching behavior of this apatite 

waste form.  

 

2 Method 

2.1 Leach Test 



The lead vanadoapatite samples were synthesized by High Energy Ball Milling and Spark 

Plasma Sintering with a structure of Pb9.85 (VO4)6 I1.7 (Yao et al., 2014). All samples were 

prepared in a consistent manner to produce a uniform and reproducible surface finish. Sample 

surfaces were polished by a mechanical polishing wheel successively using 600, 2400, and 4000 

grits paper with absolute ethanol lubrication. 

 

Standard Test Method for Accelerated Leach Test (ALT), ASTM C-1308, was adopted to assess 

the long-term iodine immobilization of lead vanado-iodoapatite matrix. In the ALT leach test, 

the matrix material is exposed in fresh leachant on a periodic schedule. The leached solution is 

replaced completely after each interval. Based on the elemental analysis of successively 

collected leachates, the results can be quantitatively modeled to characterize the release 

mechanisms (e.g. diffusion, dissolution), solution saturation effect, species partitioning, and 

therefore the long-term performance behavior. 

 

In this study, ALT experiments of lead vanado-iodoapatite samples were performed in cap-

sealed vessels under standard pressure 1 atm and constant temperature (20, 50, 70, or 90°C ± 

0.5). Those apatite samples were placed on mesh stand in Teflon vessels which were filled with 

distilled-deionized water as leachant. The replacement times were 2, 5, and 17 hours for the first 

three intervals and 24 hours for the rest intervals. To test the pH effects, buffer solutions were 

obtained from Fluka of Sigma-Aldrich as the leachant solution, of which the main buffering 

compounds are potassium hydrogen phthalate / formaldehyde, sodium citrate, and disodium 

tetraborate for pH 4, 6, and 9, respectively. The increment of buffers’ pH values is within 0.4 



under temperatures ranging from 20 to 90°C. The surface area was measured with micrometer 

and caliber. 

 

The total weight of vessel (including vessel, apatite sample, and solution) were recorded before 

and after each interval to evaluate the weight loss of leachant. Our record shows that weight loss 

during all leaching intervals is within 1 %. In addition, acid strip tests to the vessels were also 

performed at the end of ALT experiment, which confirmed the sorption on vessel is negligible 

for elements of interest. 

 

Interestingly, a comparative test conducted on brand new samples shows that there is no 

difference to the long-term leaching behavior by changing the initial intervals and surface 

roughness as shown in supplement Fig 1. 

 

2.3 Leachate Analysis 

Leachate solutions were analyzed with a PerkinElmer Elan 9000 Inductively Coupled Plasma - 

Mass Spectrometry (ICP-MS) system. Internal standards Cesium (Cs), Manganese (Mn), and 

Bismuth (Bi) were utilized in the analysis of Iodine (I), Vanadium (V), and Lead (Pb) in 

leachate, respectively. Three standard solutions provided by Inorganic Ventures were used in 

ICP-MS calibration and analysis: i) a iodine standard containing 1.001 ± 0.007 µg/ mL Iodide in 

H2O solution, ii) a lead and vanadium standard containing 1.000 ± 0.007 µg/ mL Pb and 1.000 ± 

0.006 µg/ mL V in 1% HNO3 solution, iii) and an internal standard containing 1.000 ± 0.009 µg/ 

mL Cs, 1.000 ± 0.008 µg/ mL Mn, and 1.000 ± 0.006 µg/ mL Bi in 2 % HNO3. For a typical 

leachate analysis, a 1 mL internal standard was added into a 14 mL leachate solution. 



A schematic of experiment is listed in Fig 1. 

 

2.4 Surface Characterization 

Apatite sample surfaces were characterized by Scanning Electron Microscopy (SEM) and 

Energy Dispersive Spectroscopy (EDS).  SEM imaging were performed by FEI Quanta SEM 

system with FEI Versa 3D DualBeam, while the EDS spectra were collected from integrated 

TEAM Pegasus – Integrated EDS and EBSD Analysis System.  

 

Raman spectroscopy was performed on HORIBA Jobin Yvon’s LabRAM system integrated with 

Olympus BX41 microscope. Raman spectra were referenced to the standard silicon wafer 520 

cm-1. 

 

3. Results and Discussion 

3.1 Release Rate 

The release of species of interest is reported as the cumulative concentration over interval time, 

such as Fig 2a and 2b. The cumulative concentration (mg · m-2) is sum of the concentration of 

species of interest leached during all prior and current intervals divided by the surface area of 

sample, which is calculated by the following equation:  

Cumulative	Concentration�	(�� ∙ 	���) =
� ��	(��)

�

���

�	(���)
 

where �� (mg) is the quantity of species measured in the leachate from the nth test interval, and 

the A (m2) is the surface area of sample. Because there is no visible change of surface geometry 

and insignificant weight loss after leach test, the surface area (S) of sample is assumed to remain 

intact during the whole ALT test. 



 

The resulting figures typically show steady increase of cumulative concentration over time, 

which can be accurately modelled by linear regression with R square values over 0.9. The leach 

rates (mg · m-2 · d-1) of species of interest can be obtained by calculating the slope value of 

regression line as is shown in the following equation:  

��� ℎ	"�#�	(�� ∙ 	��� 	 ∙ 	$��) =
Cumulative	Concentration� 	(�� ∙ 	���)

%&��	($�')
 

 

In order to obtain reliable result, only data of the last 7 intervals were used for leach rate 

calculation. In addition, the iodine leaching data (rate and figure) in section 3.1 is normalized in 

order to offset the time dependence, which is discussed in 3.3a. 

 

3.1a Effect of Surface Area to Solution Volume Ratio 

By varying the sample surface to solution volume ratio (S/V), the dependence of leach rate on 

the S/V ratio is determined as shown in Fig 2a and 2b. Using deionized water (DIW) as leachant 

and under conditions of 90°C and interval of 1 day, ALT tests of different S/V ratios including 

2/m, 5/m, 10/m, 16/m, and 50/m yielded leach rates of iodine are 6.9, 5.5, 2.5, 4.4, and 1.1 mg / 

(m2 · d), while the leach rates of lead are 38, 29, 10, 6.0, and 2.0 mg / (m2 · d), respectively. 

Lower S/V ratio indicates a relative larger volume of the leachant solution from the dissolved 

species in leachate, a high release rate from a low S/V system would be expected, and vice versa.  

 

3.1b Solution Exchange Interval 

The effect of interval length on leach rate is evaluated by varying the interval time as shown in 

Fig 3a and 3b, under conditions of DIW, 90°C, and 10 m-1 (S/V ratio). The interval of 1 day, 3.5 



days, and 7 days yielded release rates of 2.5, 0.79, and 0.47 mg / (m2 · d) for iodine and 11, 4.1, 

and 1.8 mg / (m2 · d) for lead, respectively. Frequent solution exchange reduces the feedback 

effect of dissolved species. Therefore, shorter interval results a higher release rate, and vice 

versa. 

 

3.1c Temperature 

As shown in Fig 4a and 4b, ALT tests under different temperatures were conducted under 

conditions of DIW, 5 m-1, and 1-day interval. Experiment under 20, 40, 70, and 90°C yielded 

release rates of 0.98, 1.8, 4.0, and 5.5 mg / (m2 · d) for iodine and 5.7, 11, 19, and 29 mg / (m2 · 

d) for lead, respectively. The relationship between temperature and release rate is analyzed using 

Arrhenius equation: 

( = )��*+/(-.) 

where ( is the rate constant, ) is the pre-exponential factor, /0 is the activation energy, R is the 

gas constant, and T is the temperature in kelvin. Since temperature is the only variable in this 

ALT series, the leach rate is equivalent to the (. Therefore, increment of temperature will 

increase the overall reaction rate. In addition, the Arrhenius equation can be transformed as  

12( = 12) − /0/("%) 

Therefore, the apparent activation energy /0 can be derived by the leach rates in mol / (m2 · d) 

and the corresponding temperatures in kelvin. In Fig 5, plotting  124 versus −1000/% exhibits a 

desirable linear regression with R square values over 0.99 for both iodine and lead profiles, 

indicating a single reaction mechanism. The derived apparent activation energies /0 for iodine 

and lead are 22.4 kJ · mol-1 and 20.0 kJ · mol-1, respectively. The difference is attributed to the 

initial diffusion of iodine, of which the detail is discussed in Section 3.2. 



 

3.1d pH 

Solution pH can have pronounced effect on leaching rates. The result of ALT tests using pH 

buffers as leachant is listed in Fig 6a and 6b. Buffers pH 4, 6, and 9 yielded significantly 

different leach rates. Under the conditions of 90°C, 5 m-1, and 1-day interval, release rates of 

iodine 883, 1097, and 3.7 mg / (m2 · d) were obtained, while the release rate of lead are 4019, 

9590, and 0 mg / (m2 · d) for pH 4, 6, and 9, respectively. Lead released from pH 9 ALT, 

however, is too low to be detected. 

 

Interestingly, both samples leached with buffers pH 4 and 6 showed similarly roughened surfaces 

(Fig 8a), however, new phase of brown color and smooth texture occurred that was scattered all 

over the pH 4 leached surface (Fig 8b). Raman spectroscopy in Fig 7 revealed that the new phase 

is chervetite Pb2V2O7, which was also consist with the SEM and EDX results (Fig 8a and 8c). In 

addition, the measured elemental release rates of pH 4 test are considerably lower than those of 

pH 6. For pH 4 leach test, the new phase and the relatively low content of dissolved species 

confirmed that the leached elements were partitioned into the precipitate and leachate. 

Comparing with DIW ALT results, element release rates of apatite are slightly reduced in the 

basic leachant from 5.5 to 3.7 mg / (m2 · d) for iodine and 29 to 0 for lead, whereas the element 

release rates show exponential increase in acidic solutions over two orders of magnitude from 

5.5 to 800-1100 mg / (m2 · d) for iodine and 29 to 400 - 9600 mg / (m2 · d) for lead from neutral 

to pH 9 solution, respectively. In addition, the atomic ratios of leachate in Fig XX shows relative 

low V/Pb but congruent I/Pb ratios. Given that the V/Pb 0.6 in apatite matrix and 1 in chervetite, 

the low V/Pb < 0.6 dissolved in leachate confirms the complex process of pH 4. Similar effect is 



also reported on the leach test of Pb10(VO4)4.8(PO4)1.2I2 in water, which yielded Pb2V1.16P0.27O7.66 

as the alternation product (Guy et al., 2002). 

 

3.2 Leaching Mechanisms 

The relative ratios of constituents can distinguish whether the leaching is congruent. In Fig 9a, 

the atomic ratios of iodine versus lead (I/Pb) show an exponential decrease of I/Pb over time 

eventually approaching the stoichiometric value 0.17 of apatite mineral, whereas the ratios of 

vanadium versus lead (V/Pb) show a relative small fluctuation around the stoichiometric value 

0.61 of apatite mineral. 

 

Congruent release of V and Pb suggests dissolution controlled leaching, whereas the incongruent 

rate of iodine indicates additional release mode involved. In terms of DIW leach test, the 

exponential decrease of I/Pb ratio can attribute to the iodine diffusion, and the trend that 

approaches the stoichiometric value can be ascribed to the continuous dissolution of matrix, 

which became apparent as the diffusion process was diminishing over time probably because of 

the depletion of diffusive iodine in solid. Due to the pronounced effect of pH, the dissolution was 

significantly enhanced by acid leachants, allowing a rapid release of iodine by dissolution before 

diffusion took place. The element released in pH 6 solution shows steady atomic ratios over time 

complied with the mineral stoichiometry, suggesting dissolution dominated release. The release 

rate of iodine in pH 4 was significantly inhibited by the massive precipitate scattered on the 

sample surface protecting the surface beneath from dissolution. Therefore, the iodine release can 

be described as a two-mode leaching behavior controlled by dissolution and diffusion; and the 

release of lead and vanadium is controlled by dissolution. 



 

3.3 Long-term Chemical Durability 

3.3a Normalization on leach test parameters 

To predict the long-term leaching behavior, key system parameters including S/V, Interval and 

pH, on which the leach rates depend, need to be quantitatively characterized and normalized.  

The stoichiometric ratio of dissolved lead and vanadium in DIW suggest a congruent dissolution 

of mineral matrix. ALT in basic solution shows similar mechanism with those in DIW, whereas 

dissolution process is the dominant release mechanism in acid solutions. Due to the precipitation 

in pH 4 ALT, the dissolved content is only a fraction of total release and the overall release is 

arguably hindered by the surface precipitate. Therefore, the total release rate at pH 4 cannot be 

retrieved from the result. The result of leaching under different pH standalone is inconclusive to 

characterize the pH dependence of the release rate. 

 

However, previous study showed a systematic change of systematic dissolution rate over pH in 

acid leachant (Guidry & Mackenzie, 2003; Guy et al., 2002; Valsami-Jones et al., 1998). Since 

the ALT result of pH 6 is suitable to characterize the dissolution due to the congruent release, 

having the data of pH 6 and DIW is sufficient to normalize the pH effect of acid.  

 

3.3b Long Term Dissolution of Lead and Vanadium 

Dependence normalization of a DIW leach environment is carried out based on the data obtained 

from the DIW leach test of different S/V and interval.  

The dissolution is the primary process for most lead and vanadium as well as a small fraction of 

iodine released in DIW. The change upon a dissolution process by varying the interval time and 



the S/V ratio is the manifestation of solution feedback of dissolved species. Therefore, a leaching 

system with infinitely small interval and/or infinitely small S/V is equivalent to a system of 

infinitely diluted solution, which annihilates the solution feedback of dissolved species; and a 

system with infinite large interval and/or infinite large S/V is a limiting case, giving zero 

leaching rate as shown in Fig 10a and 10b. Both lead and vanadium rates are, therefore, modeled 

by the following equation: 

7(8) = � ∙ (1 − exp(−; ∙ 8)) 

where 7(8) is the release rate of elements of interest, � is the maximum rate in infinite diluted 

medium and is constrained to the same value for both interval and S/V, and ; is the fitting 

variable. As shown in Figure 10a and 10b, maximum rate 47.9885 and 8.5688 mg / (m2 · d) are 

obtained with over 0.99 R square for lead and vanadium, respectively. 

 

3.3c Short Term Diffusion and Long Term Dissolution of Iodine 

Unlike lead and vanadium, the normalization of iodine release rate is complicated by its dual-

mode mechanism. The iodine diffusion is a time dependent process for each sample. The time 

dependence was normalized by treating the atomic ratios of I/Pb with the following fitting 

equation: 

�(8) = 0.1726 + � ∙ exp(−2 ∙ 8) 

where �(8) is the I/Pb ratio, 0.1726 is the stoichiometric value of I/Pb atomic ratio, � and 2 are 

the fitting variables.  

 

As shown in Fig 10c, the fitting curve simulates the baseline of I/Pb ratios, reaching the 

stoichiometric value of I/Pb. It seems unreasonable to assume a congruent release of I and Pb of 



long term, considering the high incongruency of initial release. However, the diffusion process 

only facilitates the short term release of iodine, the amount of iodine diffused is trivia to affect 

the dissolution. The long term release of iodine is dominated by the dissolution, which became 

apparent as the diffusion diminish over time. This can also be demonstrated by the comparative 

ALT sets (Supplement Fig 1), showing no difference for the long term release of iodine in DIW 

under same conditions 90°C, 1-day interval, and 5m-1 regardless of the surface condition and 

high initial release. Therefore, the iodine leach rates in section 3.1 are obtained from time 

normalized leaching profiles without diffusion. 

 

Normalization of S/V and interval of iodine release is based on the dissolution data, which is 

obtained by stripping away the time-dependent diffusion release from the total iodine release. 

Since the time dependence of iodine release is given by the diffusion process, the residual by 

removing the time dependent release is contributed the iodine dissolution. Similar to the lead and 

vanadium data, the normalization of S/V and interval on iodine release yields maximum release 

rate of 7.676 mg / (m2 · d) with a R square of 0.93 as shown in Fig 10d. 

 

4. Concluding Remarks 

This study adopted accelerated leach test method ASTM C-1308 to evaluate the long term 

chemical durability of apatite nuclear waste form, Pb9.85 (VO4)6 I1.7. A mechanistic insight of 

element release from nuclear waste form material is also presented by determining the release 

mechanisms and quantifying the impacts of different system parameters. Through the 

normalization of variables, the result findings can accommodate the extrapolation of leaching 

behavior under different settings including those of field scale. 



 

The result also indicates a dual-mechanism of iodine release, in which the diffusion release is 

considerable in short term but is diminishing with time and therefore become negligible over 

long term. Thus, determining and differentiating the mechanisms of element release is critical to 

evaluate the long term durability of nuclear waste form. Solution feedback effect of dissolved 

species is also quantified by S/V ratio and interval. 
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Figure 1. Experiment Schematic. Successive leachates are collected upon each interval. Then, the 

elemental analysis of leachate solution is performed by inductively coupled plasma – mass 

spectrometry (ICP-MS). 

 

 
 

 

 
 

  

Leachate solution is collected upon each interval (above);  

Then, the collected aliquots are analyzed with ICP-MS (below). 



Figure 2a. Effect on iodine element release by varying sample surface to solution volume ratio 

(S/V) in deionized water under conditions of 90°C and 1-day interval. Below are the results of 

five leach tests with different S/V ratios of 2, 5, 10, 16, and 50 m-1. The leaching rate is in unit of 

mg / (m2 · d). 

 
 

  



Figure 2b. Effect on lead element release by varying sample surface to solution volume ratio 

(S/V) in deionized water under conditions of 90°C and 1-day interval. Below are the results of 

five leach tests with different S/V ratios of 2, 5, 10, 16, and 50 m-1. The leaching rate is in unit of 

mg / (m2 · d). 

 
 

  



Figure 3a. Effect on iodine element release by varying interval time in deionized water under 

conditions of 90°C and S/V 10 m-1. Below are the results of three leach tests with different 

intervals of 1, 3.5, and 7 days. The leaching rate is in unit of mg / (m2 · d). 

 
  



Figure 3b. Effect on lead element release by varying interval time in deionized water under 

conditions of 90°C and S/V 10 m-1.   Below are the results of three leach tests with different 

intervals of 1, 3.5, and 7 days. The leaching rate is in unit of mg / (m2 · d). 

 
 

  



Figure 4a. Effect on iodine element release by varying temperature in deionized water under 

conditions of 1-day interval and S/V 5 m-1.   Below are the results of four leach tests at different 

temperature of 20, 40, 70, and 90 °C. The leaching rate is in unit of mg / (m2 · d). 

 
  



Figure 4b. Effect on lead element release by varying temperature in deionized water under 

conditions of 1-day interval and S/V 5 m-1.   Below are the results of four leach tests at different 

temperature of 20, 40, 70, and 90 °C. The leaching rate is in unit of mg / (m2 · d). 

 
  



Figure 5. Temperature dependence of elemental release rate for iodine and lead. The plot is 

based on the result of Fig 4a and 4b. The apparent activation energy of iodine and lead can be 

derived from the corresponding linear regressions, as shown in the table below. 

 
 

Element Linear regression R square Apparent Activation Energy (kJ · mol-

1) 

Iodine (I) y = 2.6647x - 2.6578 0.9964 22.4 

Lead (Pb) y = 2.3985x - 2.2658 0.9925 20.0 

 

  



Figure 6a. Effect on iodine element release by using different pH buffer solutions at 90°C under 

conditions of 1-day interval and S/V 5 m-1.   Below are the results of three leach tests at pH 4, 6, 

and 9. The leaching rate is in unit of mg / (m2 · d). 

 
  



Figure 6b. Effect on lead element release by using different pH buffer solutions at 90°C under 

conditions of 1-day interval and S/V 5 m-1.   Below are the results of three leach tests at pH 4, 6, 

and 9. The leaching rate is in unit of mg / (m2 · d).

 
  



Figure 7. Raman spectroscopy of unleached surface and precipitate occurred on pH 4 leached 

surface. 

 
  



Figure 8a. SEM image of polished surface (unleached surface) and leached surface with 

deionized water, pH 4, pH 6, and pH 9 buffer solutions. “[ ]” denotes the S/V ratio in m-1. 

 
  



Figure 8b. Optical microscope image of leached surface by pH 4 buffer solution. The new phase 

(brown) is scattered all over the surface, which is characterized as cheretite 

 
  



Figure 8c. Energy-dispersive X-ray spectroscopy of selected areas on leached surface by pH 4 

buffer solution. Selected Area 1 is the leached surface, while the Selected Area 2 is the surface 

precipitate. The EDS analysis result shows the composition of precipitate is different to that of 

leached surface. 

 
  



Figure 9a. Atomic ratio of iodine versus lead of test in deionized water at 90°C. 

 

  



Figure 9b. Atomic ratio of vanadium versus lead of test in deionized water at 90°C. 

 

  



Fig 10a. Normalization on dependences S/V and Interval on lead release rate. 

 
  



Fig 10b. Normalization on dependences S/V and Interval on vanadium release rate. 

 
  



Fig 10c. Normalization on time dependence on iodine release. 

 
  



Fig 10d. Normalization on dependences S/V and Interval on iodine release rate of which the time 

dependence has been normalized. 

 
  



Supplement Fig 1. Element release rate of comparative tests in terms of initial interval and 

surface roughness. 

 
 

  



References: 

Agency, I. A. E. (1987). Treatment, conditioning and disposal of iodine-129: Vienna : 

International Atomic Energy Agency, 1987. 

Council, N. R. (2011). Waste forms technology and performance final report. Washington, D.C.: 

National Academies Press. 

Ebert, W., & Fuhrmann, M. (2010). Radionuclide Release from Slag and Concrete Waste 

Materials. Part I: Conceptual models of leaching from complex materials and laboratory 

test methods. Retrieved from  

Ewing, R. C. (1999). Nuclear waste forms for actinides. Proceedings of the National Academy of 

Sciences, 96(7), 3432-3439.  

Ewing, R. C. (2001). The design and evaluation of nuclear-waste forms: Clues from mineralogy. 

Canadian Mineralogist, 39, 697-715. doi:10.2113/gscanmin.39.3.697 

Ewing, R. C., & Wang, L. M. (2002). Phosphates as nuclear waste forms. In M. J. Kohn, J. 

Rakovan, & J. M. Hughes (Eds.), Phosphates: Geochemical, Geobiological, and 

Materials Importance (Vol. 48, pp. 673-699). Washington: Mineralogical Soc America. 

Ewing, R. C., Weber, W. J., & Clinard Jr, F. W. (1995). Radiation effects in nuclear waste forms 

for high-level radioactive waste. Progress in Nuclear Energy, 29(2), 63-127. 

doi:http://dx.doi.org/10.1016/0149-1970(94)00016-Y 

Fabryka-Martin, J. T. (1988). Production of radionuclides in the earth and their hydrogeologic 

significance, with emphasis on chlorine-36 and iodine-129. Arizona Univ., Tucson, AZ 

(USA).    

Fuge, R., & Johnson, C. C. (1986). The geochemistry of iodine—a review. Environmental 

Geochemistry and Health, 8(2), 31-54.  

Gombert, D., Ebert, W., Marra, J., Jubin, R., & Vienna, J. (2008). Global Nuclear Energy 

Partnership Waste Treatment Baseline (INL/CON-08-13917; TRN: US0803760 United 

StatesTRN: US0803760Thu Aug 27 07:24:39 EDT 2009INLEnglish). Retrieved from 

http://www.osti.gov/scitech//servlets/purl/933184-X1hcco/ 

Guidry, M. W., & Mackenzie, F. T. (2003). Experimental study of igneous and sedimentary 

apatite dissolution: control of pH, distance from equilibrium, and temperature on 

dissolution rates. Geochimica et Cosmochimica Acta, 67(16), 2949-2963.  

Guy, C., Audubert, F., Lartigue, J.-E., Latrille, C., Advocat, T., & Fillet, C. (2002). New 

conditionings for separated long-lived radionuclides. Comptes Rendus Physique, 3(7–8), 

827-837. doi:http://dx.doi.org/10.1016/S1631-0705(02)01377-4 

Kato, H., Kato, O., & Tanabe, H. (2002). Review of immobilization techniques of radioactive 

iodine for geological disposal. Paper presented at the Proceedings of the International 

Symposium, NUCEF. 

Koch-Steindl, H., & Pröhl, G. (2001). Considerations on the behaviour of long-lived 

radionuclides in the soil. Radiation and Environmental Biophysics, 40(2), 93-104. 

doi:10.1007/s004110100098 

Lide, D. R. (2005). CRC Handbook of Chemistry and Physics, Section 4. Boca Raton, FL: CRC 

press. 

Maddrell, E., Gandy, A., & Stennett, M. (2014). The durability of iodide sodalite. Journal of 

Nuclear Materials, 449(1), 168-172.  

Noyes, R. (1995). Nuclear Waste Cleanup Technologies and Opportunities: Elsevier. 



Oelkers, E. H., & Montel, J. M. (2008). Phosphates and nuclear waste storage. Elements, 4(2), 

113-116. doi:10.2113/gselements.4.2.113 

Peters, M. T., & Ewing, R. C. (2007). A science-based approach to understanding waste form 

durability in open and closed nuclear fuel cycles. Journal of Nuclear Materials, 362(2–

3), 395-401. doi:http://dx.doi.org/10.1016/j.jnucmat.2007.01.085 

Suetsugu, Y. (2014). Synthesis of lead vanadate iodoapatite utilizing dry mechanochemical 

process. Journal of Nuclear Materials, 454(1), 223-229.  

Uno, M., Shinohara, M., Kurosaki, K., & Yamanaka, S. (2001). Some properties of a lead 

vanado-iodoapatite Pb10(VO4)6I2. Journal of Nuclear Materials, 294(1–2), 119-122. 

doi:http://dx.doi.org/10.1016/S0022-3115(01)00462-7 

Valsami-Jones, E., Ragnarsdottir, K., Putnis, A. a. a., Bosbach, D., Kemp, A., & Cressey, G. 

(1998). The dissolution of apatite in the presence of aqueous metal cations at pH 2–7. 

Chemical Geology, 151(1), 215-233.  

Wang, J. (2015). Incorporation of iodine into apatite structure: a crystal chemistry approach 

using Artificial Neural Network. Frontiers in Earth Science, 3, 20.  

Weber, W. J., Navrotsky, A., Stefanovsky, S., Vance, E. R., & Vernaz, E. (2009). Materials 

science of high-level nuclear waste immobilization. MRS bulletin, 34(01), 46-53.  

Yao, T., Lu, F., Sun, H., Wang, J., Ewing, R. C., & Lian, J. (2014). Bulk iodoapatite ceramic 

densified by spark plasma sintering with exceptional thermal stability. Journal of the 

American Ceramic Society, 97(8), 2409-2412.  

Zhang, M., Maddrell, E., Abraitis, P., & Salje, E. (2007). Impact of leach on lead vanado-

iodoapatite [Pb 5 (VO 4) 3 I]: an infrared and Raman spectroscopic study. Materials 

Science and Engineering: B, 137(1), 149-155.  

 



 

 

 

1 

 

 

Thermodynamic properties of iodide apatite from first-principles calculations 

 

Jianwei Wang,1,* Sanda M Botis,2 Jie Lian,3 Fei Gao,4 Rodney C. Ewing5  

 

 

 

1Department of Geology and Geophysics, Center for Computation and Technology, Louisiana 

State University, Baton Rouge, Louisiana 70803-0001, USA 

2Department of Earth and Environmental Sciences, University of Michigan, Ann Arbor, 

Michigan 48109-1005, USA 

3Department of Mechanical, Aerospace, and Nuclear Engineering, Rensselaer Polytechnic 

Institute, Troy, NY 12180, USA 

4Department of Nuclear Engineering and Radiological Sciences, University of Michigan, Ann 

Arbor, Michigan 48109-1005, USA 

5Department of Geological and Environmental Sciences, Stanford University Stanford, 

California 94305-2115, USA 

 

 

 

 

 

 

*Jianwei Wang 

Department of Geology and Geophysics 

Louisiana State University 

E235 Howe-Russell Building  

Baton Rouge, Louisiana 70803, USA 

Phone: 225-578-5532 

Fax: 225-578-2302 

Email: Jianwei@lsu.edu 

  



 

 

 

2 

 

Abstract 

Apatite structure provides a great potential for incorporating long-lived radioactive iodine 

from nuclear waste streams for long term storage because of its mechanical and chemical 

durability, high iodine content, and low leaching rate. Artificial Neuron Network simulations 

were used to predict unknown compositions of iodide apatite. First-principles calculations were 

carried out to calculate structure, vibrational spectroscopy and thermodynamics stability of 

known and unknown apatites predicted from the Artificial Neuron Network simulations 

(A5(XO4)3I, with A = Pb, Sr; X = V, As). The calculated crystal structures of known apatite are 

comparable with available experimental results. Phonon density of states was calculated using 

the linear response theory and finite-difference approach, which was used to calculate free 

energy of the formation of the apatites. These results can be used to understand the 

thermodynamic stability of the apatites with respect to their decomposed phases. Results on 

Sr5(AsO4)3I show that the structure maintains the apatite structure and the interactions between 

iodide and strontium are mainly ionic character. The reaction to form Sr5(AsO4)3I either from the 

oxides (e.g., SrO, As2O5, SrI2) or arsenate (e.g., Sr3(AsO4)2) is shown to be thermodynamically 

favorable. However, the Gibbs free energy decreases with temperature for the apatite formation 

from the oxides while the free energy increases with temperature for the formation from the 

arsenate. The formation energetics as a function of temperature provides insights on how to 

design experiments to efficiently synthesize the apatite. Our work on apatite demonstrates that 

first-principles methods can be used to provide insights on designing nuclear waste forms by 

predicting their thermodynamic stabilities.  
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1. Introduction   

Production of nuclear energy generates radioactive nuclear wastes. One of the main concerns for 

the environment associated with nuclear energy is how to dispose the nuclear wastes and how 

their impact to the environment to be minimized.  Depending on the fuel cycle options, novel 

chemical reprocessing and transmutation strategies can result in a complicated waste streams 

with a number of radionuclides. Among these nuclear waste elements, the radionuclides with a 

long half-life are particular problematic because they need to be immobilized in durable waste 

forms for long-term storage in a geological setting. Current efforts in this area are directed 

towards optimizing separation processes for complex nuclear waste streams and designing 

appropriate waste forms. Decades of research and development result in various nuclear waste 

forms for different nuclear wastes, including glass, glass ceramics, and single phase and 

multiphase ceramics waste forms. Among them, some waste forms such as borosilicate glasses 

have been put in practice in immobilizing radioactive wastes. For glass nuclear waste forms, 

although high chemical durability of some vitrified glasses has been proven by industry for 

centuries with an established verification technology, the longer-term durability beyond 

industrial practice is still not clear, which currently is of great research interest and essential for 

expanding glass waste forms applications. Ceramic waste forms, single phase or multiphase, on 

the other hand, are largely developed from the concept of synrock (1978, Ted Ringwood). Since 

ceramic phases often have natural analogies, their long-term durability can be checked or 

verified by studying their performances in the geological history. In addition, crystalline phases 

have well-defined crystal structures and their atomistic scale structures are better understood 

with respect to glasses, thus, their durability is relatively simpler to characterize as comparing 

with the glass waste forms. Among crystalline phases for nuclear wastes forms, apatite-
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structured materials are unique and have a number of advantageous properties including 

mechanical and chemical durability and structural and chemical flexibility. Its mechanical and 

chemical durability can be demonstrated by the properties of natural apatite samples over billions 

of years in geological records [1]. Its structural and chemical flexibility offer the opportunity to 

incorporate multiple radionuclides in a single ceramic phase. For instance, apatite can 

incorporate one of more following radionuclides: Cs, Sr, I, rare-earth elements, and actinides 

(XX). In addition, because its multiple crystallographic sites can be occupied by elements with 

different charges, changes associated with valance and identity of radioactive elements could be 

potentially offset by charge transfer between the sites. Thus, apatite-structured phases may be 

tolerant against or has potential to mitigate the aging effect of radionuclides or a process named 

radioparagenesis [2, 3], structural and chemical transformation process resulting from a 

radioactive decay of radionuclides in a solid phase.   

Apatite is a group of materials with the apatite structure.  The general formula for apatite is 

A5(XO4)3Z with hexagonal P63/m symmetry (space group number 176). The crystal structure is 

depicted in Figure 1. The A cation occupies two crystallographic sites Ca(I) and Ca(II). The 

molar ratio of Ca(I)/Ca(II) is 2:3. The A cation can be substituted by a number of ions including 

Na+, K+, Cs+, Mg2+, Ca2+, Ba2+, Sr2+, Cd 2+, Pb2+, Fe2+, Fe3+, RE3+, and Ac4+. For 

Ca5(PO4)3F, Ca(I) site has a coordination number of six at Ca(I)-O distance of 2.5 Å and nine at 

2.8 Å, and Ca(II) site has a coordination number of six at Ca(I)-O/F distance of 2.5 Å and seven 

at 2.7 Å [6, 7]. The X cation often forms a tetrahedron with four oxygen atoms and can be 

substituted by P, Si, S, V, Cr, As, Mn, Ge, in some cases, by non-tetrahedron anions such as 

ReO5[8] and BO3[9]. The Z anion can be substituted by OH-, F-, Cl-, Br, I-, O2-, CO32-, and 

IO3-. The chemical substitutions are often coupled between multiple sites. For instance for Ca2+ 
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substitution by RE3+, the tetrahedron cation is also involved (e.g., RE3+ + SiO44- = Ca2+ + 

PO43-). One of the unique properties of apatite is that it can simultaneously incorporate multiple 

radionuclides. For instance, Sr8CsNd(PO4)6F2.3, including both Sr and Cs in its structure, was 

synthesized by a precipitation reaction method [10]. For that reason, apatite materials have been 

proposed as a host material for storage of nuclear wastes [9, 11-23], including iodine [9, 11-13, 

24-27].  These studies show that apatite has a great potential for storage of radioactive nuclear 

waste elements. Although materials with apatite structure show excellent chemical and 

mechanical properties as nuclear waste forms for various radionuclides, the durability also 

depends on chemical composition of apatites.  In order to optimize the performance of apatite 

waste forms, there is a need to explore different apatite compositions with various radionuclides. 

Since chemical substitutions occur at all sites (i.e., A, X, and Z in A5(XO4)3Z), the number of 

possible apatite compositions could easily reach over a few hundreds only for the end-members. 

Trying all the combinations experimentally will not only expensive but also time consuming. 

Apparently, not all of them are thermodynamically stable and can be synthesized.  Thus, it is 

necessary to be selective and to rule out those that do not meet the basic requirements of the 

structure and crystal chemistry of apatite.  Artificial Neural Network (ANN) has been applied for 

that purpose using a crystal chemistry approach [28]. However, the ANN simulation only 

considers ionic radius and electronegativity of the constitute elements without any knowledge of 

their stabilities of the predicted apatite compositions. First-principles calculations in this regard 

can be used to provide essential thermodynamic data and their stabilities of the predicted but 

unknown apatite compositions.  

Purpose of this study is to estimate the thermodynamic stabilities of the previously predicted 

apatite compositions with respect to their chemical constitutes (i.e., simple oxides).  Gibbs free 
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energies of the reactions that produce apatite are calculated using First-principles calculations. 

Phone density of states is calculated and Statistical Quasi-Harmonic Approximation (QHA) is 

used to calculate zero point energy (ZPE) and entropic contribution to the free energy. In 

addition, crystal structures and mechanic properties of some apatite compositions are also 

calculated. As a case study, iodine apatite compositions are investigated. The results demonstrate 

that first-principles thermodynamics is an effective technique to estimate the stability of known 

and unknown apatite compositions, and may also shed light on other ceramic phases with novel 

chemical compositions for nuclear wastes designs. 

2.  Methods 

Artificial Neural Network (ANN) approach was used to simulate crystal chemistry properties 

of unknown apatite compositions. ANN is inspired from biological neuron assemblies and their 

way of encoding and solving problems [54]. Because of the modular and non-linear nature of 

artificial neural networks, it is able to approximate any arbitrary function to an arbitrary degree 

of accuracy [54-56]. Nonlinearity makes the functions a natural choice for complex correlations 

between inputs and outputs. In this study for iodine apatite, the channel size of crystal structure is 

simulated based on the composition. The Artificial Neural network toolbox from Matlab 

program package was used [57, 58]. The Bayesian regulation backpropagation was employed 

using mean-square error with respect to weight and bias as the performance function. The 

method showed the best performance among other backpropagation algorithms. There are six 

input parameters, average radius and average electronegativity for each of the three cation sites. 

There is a hidden layer with four neurons and an output layer. The output has one parameter for 

the channel size. The dataset from experimental crystal structure data is divided to two, one for 

training the networks (44 apatites) and one for testing the networks (42 apatites). The training 
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dataset includes the end members of apatite compositions and some of the solid solutions, and 

the rest of them are included in the testing dataset. This strategy allows the ANNs to be well 

trained for the predictions of apatite compositions related to those compositions covered in the 

training dataset. Using Bayesian regularization (BR) algorithm, the training simulation runs until 

the algorithm is converged, which is indicated by the convergence of the effective number of 

simulation parameters, maximum MU (a parameter for controlling convergence algorithms), 

convergence of the summed square error, and sum squared parameter. The details of the 

simulations are described in a separated publication {Wang, 2015 #3002}.  

Density Functional Theory with plane-wave basis sets using GGA PBE exchange-correlation 

functional as implemented CASTEP by Materials Studio was used for the calculations {Accelrys, 

2013 #2856}. Norm-conserving pseudopotentials were used and represented in reciprocal space. 

The number of valence electrons is 6 for O, 22 for Pb, 10 for Ca, 5 for V, 5 for As, 10 for Sr, 7 for 

F, 7 for I. Monkhorst-Pack grid was used for k point grid and was found that 2x2x3 mesh is 

adequate for the convergences of the systems. The cutoff energy of 650 eV was used in all the 

calculations. The convergence criteria were set to 1.0×10-5 eV/atom and 0.03 eV/Å for the 

geometry optimization, and 2.0×10-6 eV/atom of the SCF cycles. These convergence criteria were 

shown to be adequate for the geometry optimizations. For the phonon density of states, the systems 

were first optimized and linear response theory was used to calculate the phonon density of states. 

The convergence tolerance was set to 1.0×10-5 eV/Å2. The CASTEP total energy yields the total 

electronic energy at 0 K. The calculated phonon spectra were used to compute free energy (F) as 

functions of temperature based on statistical Quasi-Harmonic Approximation (QHA), using the 

following equation: 
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Where F(T,V) is free energy, Estatic(V) is the energy at zero kelvin.   

3. Results and discussion 

3.1 Structures and mechanical properties 

The optimized crystal structure unit cell parameters are listed in Table 1. Comparing with the 

experimental results show that the calculated values are larger the experiments and the c values 

are smaller than the experiments. The results are in agreement with the experimental results. 

The calculated bulk moduli are listed in Table 2for the three apatites. The calculated errors are 

around 10%, which is normal in calculating mechanic properties using DFT. 

The calculated elastic constants are listed in Table 3. The errors vary, which depend on the 

These calculated values can be used for parameterizing the interatomic potentials of the three 

apatite compositions.  

 

3.2 Calculations of phonon density of states 

The phonon densities of states for each of the apatites are selected shown in Figure 2 for Pb-V-I 

and Sr-As-I apatites. These calculations are required for the thermodynamics calculations. Small 

values at negative frequencies are within the numerical errors of the calculations.  

The results suggest that the phonon density of states are similar for the two apatite compositions, 

Pb-V-I and Sr-As-I apatites, with difference only in the details.  
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3.3 Thermodynamics of reactions for synthesis apatites 

Thermodynamics (enthalpy, free energy, heat capacity) properties for each of the apatites are then 

calculated based on statistical Quasi-Harmonic Approximation (QHA) as shown in Figure 3.  

These results will be used to calculate thermodynamics of chemical reactions to syntheses the 

apatites.  

There are two ways to synthesis the apatite and they are represented by the following two 

equations:  

(a) Sr-As-I apatite formation from oxides 

9 SrO + 3 As2O5 + SrI2 = Sr10(AsO4)6I2 

(b) Sr-As-I apatite formation from arsenate 

3 Sr3(AsO4)2 + SrI2 =  Sr10(AsO4)6I2 

Using the above equations and the calculated thermodynamic properties of all the reactants and 

products, the free energy of the reactions can be computed. The result for this system is plotted in 

Figure 4. 

The reaction (a) is plotted in Figure 4a and the reaction (b) is plotted in Figure 4b. 

The Figure 4a shows the free energy of the iodine apatite formation from the oxides as a function 

of temperature. And the Figure 4b shows the free energy of the formation from the arsenate 

intermediate phase. This result suggests that formation of the iodine apatite from the oxides is 

more favorable as temperature increase, less favorable from arsenate!  A similar trend has been 

predicted for the Pb-V-I apatite reported in the last annual report of this project. However, the 
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stable temperature of the Sr-As-I apatite is predicted to be lower than the Pb-V-I apatite. This result 

provides important clues to designing experiments for the syntheses of the iodine apatites.  

4. Concluding remarks 

Availability of previous unknown iodine apatite compositions would provide more opportunities 

for designing iodine waste forms with optimal waste loading and performance by tuning the 

chemical compositions. The demonstration of using DFT calculations to estimate the 

thermodynamics stability of an unknown crystalline phase may also shed light on designing other 

waste forms using similar strategies. 
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Table 1 

Name a(A) c(A) aexp(A) cexp(A) Error (%) 

Pb5(VO4)3F 10.109 7.261 10.319a 7.337a (1.03%) 2.03  

Pb5(VO4)3Cl 10.420 7.287 10.331b(0.86%) 7.343b(0.76%)    

Pb5(VO4)3Br 10.541 7.307 - -    

Pb5(VO4)3I 10.675 7.351 10.397c(2.6%) 7.501c(1.99%)    

Sr5(AsO4)3I 
10.807 7.268 

    

Ca5(VO4)3F 
10.192 6.917 

9.67 7.01   

 

 

Table 2 

apatite Calculated (GPa) Experiment (GPa) 

Pb5(VO4)3I 36.31914 ± 4.566  

Ca5(VO4)3F 
45.39566 ± 4.057 

 

Sr5(AsO4)3I 
42.29975 ± 1.454 

 

 

 

Table 3 

 

apatite Calculated (GPa) Experiment (GPa) 

C11 C33 C12 C13 C11 C33 C12 C13 

Pb5(VO4)3I 
40.49925 

±   7.969 

100.50595 

±   8.512 

32.14510 

±   3.673 

35.87812 

±   9.969     

Ca5(VO4)3F 
83.48020 

±   9.416 

101.15585 

±   7.720 

15.23800 

±   8.323 

30.52952 

±   5.022     

Sr5(AsO4)3I 
58.41620 

±   2.365 

112.41430 

±   3.832 

27.03015 

±   2.465 

36.85103 

±   0.909 
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Figure 1 crystal structure of apatite 
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Figure 2 Phonon density of states of Pb-V-I and Sr-As-I apatites 
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Figure 3 Enthalpy, entropy and free energy of Pb-V-I and Sr-As-I apatites 
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Figure 4 Free energy of reactions of Sr-As-I apatite formation  

 

 

 


